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I.  Initial  Proposal 

IBM  proposed  a  one-year  best  efforts  experimental  study  of  the  initial  stages  of  chemical 
reaction  at  the  metal/Si  interface.  The  study  was  aimed  at  acquiring  a  fundamental  under¬ 
standing  of  microscopic  mechanisms  responsible  for  silicide  and  Schottky  barrier  formation. 
To  provide  a  comprehensive  picture  of  the  microscopic  interface  phenomena  and  properties, 
the  experimental  work  was  directed  into  three  areas:  (I)  interface  electronic  structure,  (2) 
interface  atomic  structure,  and  (3)  interface  electrical  properties.  A  three-month  no-cost 
extension  of  the  contract  was  made  to  complete  data  analysis  and  manuscript  preparation. 
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H.  Accomplishments  under  the  Project 

A  significant  portion  of  the  work  completed  under  the  contract  has  been  published  or  is 
available  in  preprint  form.  Other  results  remain  to  be  written  and  published.  In  the  following 
we  briefly  summarize  the  accomplishments  of  this  research.  These  accomplishments  are: 

(1)  Silicide  compound  formation  (Pd^Si)  dominates  the  microscopic  chemistry  and 
properties  of  the  atomically  clean  Pd/Si  interface.  Identification  of  this 
chemistry  permits  for  the  first  time  a  dose  evaluation  of  the  nature  of  elec* 
tronic  states  at  a  metal/semiconductor  interface.  Thus  the  interface  electronic 
structure  is  primarily  that  of  the  bulk  silicide  compound  formed.  (Refs.  1-4) 

(2)  Reactivity  at  the  Pd/Si  interface  is  very  high,  with  compound  formation 
occurring  spontaneously  at  room  or  even  at  low  temperatures  (down  to 
180°K).  (Refs.  1-4) 

(3)  The  electronic  properties  of  a  bulk  silicide  have  been  understood  from 
experiment  and  theory  for  the  first  time.  Chemical  bonding  in  PckSi  occurs  by 
essentially  covalent  bonds  between  Pd(4d)  and  Si(3p)  states,  which  form 
bonding  bands  ~5  eV  below  the  Fermi  energy  and  antibonding  bands  near  the 
Fermi  energy.  Occupancy  of  the  latter  determines  phase  stability  of  Pd-Si 
mixtures.  The  main  portion  of  Pd(4d)  states,  not  involved  in  Pd-Si  bonding, 
are  located  well  below  the  Fermi  energy  (by  ~3  eV),  producing  an  electronic 
structure  more  like  that  of  a  noble  metal  than  of  a  transition  metal  (Ref.  S) 

(4)  Chemical  shifts  of  spectral  features  in  photoemission  and  Auger  spectra  occur 
with  changing  metal  coverage  from  the  submonolayer  range  up  and  reflect  the 
altered  environment  of  atoms  near  the  interface.  These  effects  are  suggestive 


of  stoichiometry  variations  in  the  silicide  near  the  interface  and  form  the  basis 
for  a  new  theory  of  silicide  Schottky  barrier  heights.  (Refs.  1-6) 

Silicide  compound  formation  also  dominates  the  electronic  structure  of  the 
Pt/Si  interface;  however,  chemical  shift  phenomena  are  much  smaller.  (Ref. 
3) 

Photoemission  and  Auger  spectra  show  that  the  density-of-states  near  the 
Fermi  energy  (i.e.,  in  the  Si  band  gap  region)  is  enhanced  at  low  metal  cover¬ 
age,  indicating  that  electronic  states  exist  in  this  region  only  near  the  interface; 
these  may  be  associated  with  true  interface  states,  localized  bonding  configura¬ 
tions  characteristic  of  the  interface,  or  defect  states  resulting  from  the  inter¬ 
face  reactivity,  and  they  represent  interface  electronic  structure  contributions 
additional  to  those  of  the  bulk  silicide  reaction  product.  The  interface- 
associated  states  occur  in  relatively  high  density  (of  order  0.1  per  interface 
atom)  and  a  considerable  fraction  of  them  are  localized  partly  on  the  Si  atoms 
at  the  interface.  (Refs.  2-4) 

Cross-sectional  TEM  measurements  of  Ni,  Pd,  and  Pt  silicide /Si  interfaces 
show  that  the  interface  is  atomically  abrupt,  with  no  amorphous  layer  structure 
present.  Misfit  dislocations  and  atomic  steps  are  observed,  and  the  degree  of 
roughness  on  an  atomic  or  macroscopic  scale  depends  on  whether  epitaxy 
occurs,  on  lattice  match,  and  on  the  extent  of  faceting.  On  a  microscopic  scale 
for  epitaxial  silicide/Si  contacts,  the  interface  can  be  atomically  sharp  and 
smooth,  producing  regular  lattice  fringes  extending  directly  to  the  interface. 
This  interface  sharpness  and  the  observation  of  interface  electronic  states 
provide  a  basis  for  constructing  interface  models  which  correlate  interface 


atomic  and  electronic  structure.  (Ref.  7) 


Detailed  Auger  composition  analysis  for  the  Pd2Si/Si  interface  indicates  that 
the  silicide  in  nearly  stoichiometric  except  for  a  very  thin  (~  3  A)  Si-rich 
region  just  at  the  intimate  interface.  This  character  of  this  region  is  consistent 
with  the  chemical  shift  observations  noted  above.  (Ref.  4) 

Since  electronic  structure  is  probed  mainly  by  surface-spectroscopy  techniques, 
it  is  important  to  assure  that  the  composition  of  the  surface  region  near  the 
vacuum  interface  is  representative  of  the  entire  overiayer  Him.  Techniques  to 
check  this  have  been  developed.  Surface  segregation  and  enrichment  phenome¬ 
na  in  the  near- noble -metal/ Si  interface  systems  have  been  identified,  and  their 
understanding  is  a  prerequisite  for  reliable  conclusions  about  interface  behav¬ 
ior.  For  Ni,  Pd,  and  Pt  on  Si  annealing  at  temperatures  above  the  silicide 
formation  temperatures  produces  a  thin  (few  monolayer)  film  of  essentially 
elemental  Si  on  top  of  the  silicide  (at  the  vacuum  interface).  (Refs.  2,  8) 

The  behavior  of  refractory-metal/Si  interfaces  is  quite  different  from  that  at 
near-noble  metal/Si  interfaces.  Reaction  does  not  take  place  at  the  V/Si 
interface  at  room  temperature,  and  silicide  formation  (VSi2)  does  not  begin 
until  ~500*C.  However,  at  intermediate  temperatures  (~200-400°C)  strong 
V-Si  intermixing  does  occur  as  a  precursor  to  silicide  formation.  (Ref.  3) 
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Congress,  Cannes,  Prance,  Sept.  22-26,  1980,  Vol.  I,  Thin  Films,  p.  562. 

Item  2.  Reprint,  "Chemical  Bonding  and  Microstructures  of  Metal/Si  Interfaces 
During  Silicide  Formation",  P.  S.  Ho,  H.  Foil,  J.  E.  Lewis,  and  P.  E.  Schmid, 
Proc.  of  the  4th  lit  Conf.  on  Sodd  Surfaces  and  the  3rd  European  Conf.  on 
Surface  Science,  Cannes,  France,  Sept.  22-26,  1980,  Vol.  II,  p.  1376. 

Item  3.  Preprint,  "Chemical  Bonding  and  Electronic  Structure  of  PdjSi",  P.  S.  Ho,  G. 
W.  Rubloff,  J.  E.  Lewis,  V.  L.  Monizti.  and  A.  R.  Williams,  to  be  published  in 
Phys.  Rev.  B13  (Nov.  1980). 
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PHOTOEMISStON  STUDIES  OF  CHEMICAL  BONDING  AND  REACTIONS  AT  THE 
METAL/SILICON  INTERFACE* 

G.W.  Rubtoff 

IBM  TJ.  Watson  Research  Center.  P.O.  Box  218.  York  town  Heights,  N.Y.  10598  USA 


UPS  studies  of  Pd/Si(100),  ft  /Sid  00).  and  V/SHl  00)  show  evidence  for  interfacial  compound 
formation,  stoichiometry  variations,  and  interface-associated  electronic  states  in  the  Si  band  gap. 

The  microscopic  chemistry  and  electronic  structure  of  the  metai/Si  interface  play  a  crucial  role  in 
the  materials  reactions  and  Schottky  barrier  properties  of  these  technologically  important  contacts. 
Recent  surface  spectroscopy  studies  have  begun  to  reveal  the  detailed  phenomena  which  occur  at 
these  reactive  interfaces.  Here  we  present  ultraviolet  photoemission  spectroscopy  (UPS)  results  for 
Pd.  Pt,  and  V  on  Si  surfaces,  which  illustrate  some  of  these  phenomena,  including  compound 
formation  (1.2).  stoichiometry  gradations  {1.2}.  and  interface-associated  states  in  the  gap  (3). 


The  n-Si(100)  samples  were  cleaned  in  UHV 
by  ion  bombardment  and  annealing  (via  resis¬ 
tive  heating)  at  up  to  850*C.  The  clean  sur¬ 
faces  showed  a  c(4x2)  I.EED  pattern.  Metal 
averiayeis  warn  evaporated  by  direct  sublima¬ 
tion  from  a  resistive  ty  heated  pose  metal  wire, 
with  relative  coverages  determined  by  use  of  a 
shutter  to  control  deposition  times  for  fixed 
evaporation  conditions.  Metal  coverages  were 
calibrated  by  a  quartz  micro  balance  and  by 
Auger  composition  analysis  and  are  given  in 
terms  of  equivalent  metal  thickness. 

Angle-integrated  UPS  results  (He  I  spectra,  hr 
-  21.2eV)  for  Pd/Si(100)  are  depicted  in  Fig. 
1.  The  dean  Si(100)  spectrum  (Kg.  la)  shows 
bulk  Si  features  and  also  intrinsic  surface  state 
features  near  -0.7  and  -1.3  eV  (4)  referenced 
to  zero  at  the  Fermi  energy  Ep).  Upon  depos¬ 
ition  of  thin  (submonolayer)  Pd  overiayers.  the 
emission  intensity  grows  due  to  the  large 
Pd(4d)  UPS  cross-section.  The  coverage- 
dependent  change  in  the  spectra  is  indicated  by 
the  incremental  difference  curves  (Figs,  lb,  Ic, 
and  Id),  which  give  the  change  in  emission 
caused  by  successive  metal  depositions  of  ~ 
0.2JA.  The  total  spectra  for  ~4A  and  ~  12A 
Pd  deposited  at  25*C  are  shown  in  Kgs.  ie 
and  If.  The  spectrum  in  Fig.  If  is  that  of  the 
siiicide  compound  PdjSi,  as  identified  by  in- 
situ  Auger  analysis  and  (after  removal  from  the 
UHV  system)  by  TEM  phase  analysis  {1.2}. 


ELECTRON  BINDING  ENERGY  (eV) 


Fig.  1.  Pd/Si(lOO)  UPS  results:  (a)  spectrum 
for  clean  Si(IOO);  (b)-(d)  incremental 
difference  spectra  for  Pd/Si(100);  (e). 
(f)  spectra  for  Pd  on  Si(lOO).  Fig.  If 
is  essentially  the  spectrum  for  the 
PdjSi  compound. 
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Compound  formation  thus  occurs  spontanaousty  at  25 8 C  os  tha  clean  surface.  The  main  Pd(4d) 
bands  lie  between  -5  and  -2eV,  Le.  well  below  Er  as  in  tha  nobla  metals.  Chemical  bonding  of 
PdjSi  occurs  via  bonding  and  anti  bonding  Pd(4d)-Si(3p)  states  near  >6.5  eV  and  -I  eV  respective* 
ly  f5). 

At  lower  (Fig.  te)  and  at  sub  monolayer  (Figs,  lb*  Id)  coverages,  the  electronic  structure  has  the 
same  overall  shape  as  that  of  PAjSi.  (In  the  low-coverage  difference  curves  between  -2  and  -0.3 
eV  this  similarity  is  somewhat  masked  by  spectral  structure  arising  from  the  metal-induced 
quenching  of  intrinsic  surface  states).  Since  this  similarity  is  also  observed  for  the  LjjVV  Auger 
spectrum  (which  reflects  the  Si  local  density-of-states)  {2},  we  conclude  that  formation  of  a 
PdjSi-like  compound  occurs  at  the  interface  and  dominates  tha  microscopic  chemistry  and 
electronic  properties  of  the  interface. 


The  shift  of  the  main  Pd(4d)  peak  with  cover¬ 
age  is  attributed  to  changes  in  the  stoichiome¬ 
try  (and/or  chemical  environment  for  very  low 
coverages)  of  the  PdjSi-like  bonds  with  dis¬ 
tance  from  the  interface  [1.2).  This  interpre¬ 
tation  is  consistent  [5)  with  stoichiometry- 
dependent  trends  found  in  theoretical  calcula¬ 
tions  and  in  experimental  results  for  the 
Pd, .A  metallic  glasses.  Related  shifts  are 
observed  in  the  Si  Lj  j  W  Auger  spectra.  The 
UPS  shifts  suggest  that  tha  Pd^Si-likc  malarial 
is  effectively  Si-rich  near  the  interface,  an  in¬ 
terpretation  which  has  led  to  s  new  approach 
to  understanding  silicide  Schottky  barrier 
heights  [6). 

Results  for  Pt/Si(100)  are  shown  in  Fig.  2. 
The  low-coverage  difference  spectra  (Figs.  2b- 
20  are  very  similar  in  shape  to  that  of  the  sui¬ 
cide  formed  at  $  200"C  on  the  dean  Si  sur¬ 
face  (see  Fig.  2g).  Although  our  temperature- 
dependent  investigation!  indicate  clearly  that 
this  spectrum  is  characteristic  of  the  initial  sili¬ 
cide  phase  produced  at  these  temperatures,  we 
have  not  determined  whether  this  interface 
phase  is  PtSi  or  PtjSi;  thin  film  studies  of 
thicker  Pt  layers  on  clean  Si  show  initial  Pt2Si 
formation  followed  by  conversion  to  the  end 
product  PtSi  at  higher  temperatures  [7).  In 
either  case,  silicide  formation  dominates  the 
chemistry  and  electronic  properties  of  the  in¬ 
terface.  In  contrast  to  the  behavior  for 
Pd/SiflOO),  the  low-coverage  Pt/Si(IOO)  spec¬ 
tra  show  no  significant  shift  of  the  d-band 
doublet  peaks  (near-3.3  and  -3.3  eV)  with  cov¬ 
erage.  This  suggests  that  stoichiometry  varia¬ 
tions  (Si  enrichment)  of  the  silicide  at  the  in¬ 
terface  are  smaller  for  Pt/Si(  100)  than  for 
Pd/SidOO). 
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Fig.  2.  Pt/Si(  100)  results:  (a)  spectrum  for 
clean  Si(100):  (b)-(f)  incremental  dif¬ 
ference  spectra  for  Pt/Si(100).  shown 
in  expanded  scale  for  -  0.2S-0.5A  cov¬ 
erage  increments;  (g)  spectrum  for  ini¬ 
tial  Pt  sUicide  phase  formed  by  200°  C 
annealing  after  25°C  deposition. 
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Since  the  silicides  produced  at  the  interface  are  metals,  they  give  electronic  states  near  Ep,  i.e.  in 
the  Si  band  gap  region  crucial  in  determining  the  electrical  properties  of  the  contact.  However, 
Fig.  2  shows  that  the  density-of-states  just  below  Ep  (from  >0.7  to  0.0  eV)  is  enhanced  at  low 
coverage  relative  to  the  d-band  states  of  the  silicide.  Although  the  Pd/Si(  100)  UPS  data  do  not 
show  dearly  any  similar  behavior,  the  Si  LjjVV  Auger  spectrum  shows  such  enhancement  (3)  for 
the  94  eV  peak,  which  is  derived  from  states  just  below  Ep.  These  enhancement  phenomena 
suggest  that  electronic  states  specifically  associated  with  the  interface  may  exist  in  the  Si  band  gap 
region  in  addition  to  the  metallic  states  of  the  silicide  reaction  product  (3j.  Such  interface  states 
may  be  a  consequence  of  the  microscopic  chemical  processes  which  occur  at  these  reactive 
interface. 

The  formation  and  properties  of  the  refractory 
metal  silicides  differ  from  those  for  the  near¬ 
noble  metal  silicides  in  significant  ways  {7), 
including  higher  formation  temperatures  and 
tendencies  for  more  Si-rich  silicide  phases  and 
lower  Schottky  barrier  heights  on  n-Si.  UPS 
result  for  V/SK100)  are  shown  in  Fig.  3.  For 
25  “C  depositions  the  low-coverage  difference 
spectra  show  a  dominant  peak  just  below  Ep; 
subsidiary  structure  (see  Figs.  3b  and  3c)  aris¬ 
es  from  the  attennation  by  the  metal  overiayer 
of  bulk  Si  emission  as  well  as  from  the  quench¬ 
ing  of  the  intrinsic  surface  states.  At  some¬ 
what  higher  coverage  (Fig.  3f)  the  UPS  spec¬ 
trum  shows  emission  peaked  near  Ep  and  limit¬ 
ed  mostly  to  the  range  -4  eV  to  Ep,  as  expect¬ 
ed  for  the  low  energy  (occupied)  region  of  the 
(mostly  empty)  d-bands  of  pure  V  metal;  how¬ 
ever.  further  work  is  requited  to  identify  this 
phase. 

The  end  product  of  the  V/Si  reaction  {8}  is 
VSij.  for  which  the  UPS  spectrum  is  shown  in 
Fig.  3g.  This  phase  was  produced  by  500®C 
annealing  for  a  few  minutes  and  was  identified 
by  TEM  phase  analysis.  Thus  silicide  forma¬ 
tion  may  not  occur  spontaneously  at  the 
V/SH100)  interface,  but  in  any  case  a  high 
interface  density-of-states  within  the  Si  band 
gap  is  produced  upon  deposition. 

Studies  like  these  clearly  have  the  capability  to  -'2  -10  -8-4-4  -2  0  2  4 

reveal  the  microscopic  chemistry  and  electronic  ELECTRON  BINDING  ENERGY  (eV)  (E  -  -  01 

properties  at  the  metal/Si  interface.  The  exist¬ 
ence  of  well-defined  silicide  compounds  and  Fjg.  3.  V/SH100)  results:  (a)  spectrum  for 
extensive  prior  knowledge  {81  of  aspects  of  clean  Si(100):  (b)  -  (e)  incremental 

their  behavior  provides  important  help  in  difference  spectra  for  V/Si(100). 

achieving  meaningful  physical  insight  from  the  ,hown  in  exp.nde<l  scale  for  -  0.25  - 

surface  spectroscopic  results.  0.5 A  covera^s  increments:  (f)  spec¬ 

trum  for  ~10A  V  deposited  on  Si(100) 
at  25°C;  (g)  spectrum  for  the  VSi2 
compound  formed  by  500*0  annealing. 
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Abstract:  Chemical  bonding  and  atomic  structure  at  the  PdjSi/Si  interface  have  been  investigat¬ 

ed  using  Anger  electron  spectroscopy  in  conjunction  with  transmission  electron  microscopy. 
Bonding  characteristics  are  derived  by  interpreting  (he  AES  spectra  together  with  UTS  spectra 
based  on  partial  state  densities  calculated  lor  Pd-Si  compounds.  Composition  calibrations  based  on 
Auger  intensity  variations  indicate  the  existence  of  enhanced  DOS  within  about  6A  of  the  interface 
which  comes  msinly  from  a  new  94  eV  Si  LW  peak  in  stlidda.  TEM  lattice  images  show  an 
atomically  sharp  PdjSi/Sl  interface  with  misfit  dislocations  and  step-like  imperfections  present 
within  several  atomic  layers  of  the  interface.  It  is  suggested  that  the  observed  interface  states  are 
originated  from  chemical  bonds  associated  with  the  interfaciai  defect  structure. 

The  study  of  chemical  bonding  and  atomic  structure  at  the  metal/ semiconductor  interface  is 
important  for  the  basic  understanding  of  Schottky  barrier  formation.  Theoretical  studies  ou 
Schottky  barriers  have  been  concerned  mostly  with  interfaciai  electronic  states  for  nonreacring 
abrupt  interfaces  { 1 }.  The  interface  between  a  transition  metal  and  Si  forms  a  distinct  class  by 
itself  because  of  the  strong  reactivity  which  causes  formation  of  silidde  compounds  at  moderate 
temperatures,  e.g.  Pd^Si  formed  readily  at  250* C. {2 (  During  rilicide  formation,  the  reaction  front 
proceeds  into  ths  Si  resulting  in  a  siUcide/Sl  interface  with  bonding  and  structural  characteristics 
basically  different  from  those  of  the  non-reacting  matai/Si  interface.  Recently,  surface  spectroaopy 
studies  {3-7]  using  UTS.  AES  and  XTS  revealed  that  uiictde  formation  in  the  first  few  layers  cm 
metal  coverage  of  the  Si  surface  dominates  the  electronic  properties  of  the  Td/SL  Pt/Si  and  Ni/Si 
interfaces.  In  these  studies,  very  little  information  has  been  provided  for  the  correlation  between 
the  interfaciai  atomic  structure  sad  chemical  bonding  although  such  knowledge  is  essential  for 
understanding  the  silicide/Si  interface.  Here  we  report  results  on  studying  bonding  and  structure 
of  the  PdjSi/SKUl)  interface  using  Auger  electron  spectroscopy  in  conjunction  with  transmission 
electron  ipectroecopy.  The  choice  of  the  PdjSI/Si  system  is  because  that  1.  we  are  interested  in 
the  bonding  between  the  Pd  d  and  the  Si  sp3  electrons  in  the  siUcide  and  2.  the  Pt^Si  basal  plane 
is  epitaxial  to  tbs  SKI  11)  surface  which  facilitates  the  TEM  lattice  image  observations  on  the 
interface  mlcrostructure. 

Experiments  seen  carried  out  in  a  UHV  chamber  equipped  with  a  double-pass  CMA  for  recording 
the  Auger  spectra.  The  Si  surface  seas  sputter-cleaned  with  IkeV  Ar+  ions  then  annealed  at  about 
800*C  for  more  than  1/2  hr.  to  remove  the  sputter  damage.  Pd  was  evaporated  at  room  tempera¬ 
ture  by  in-situ  sublimation  from  a  Pd  wire  and  the  rate  sees  controlled  to  provide  metal  coverage 
from  submonoUyer  to  teas  of  atomic  layers.  Beam  chopping  technique  sras  used  to  obtain  the 
undifferentiated  N(E)  spectra  directly.  After  each  evaporation,  the  Si  LjjW,  KLL  and  Pd 
M4  jVV  Auger  spectra  were  recorded  and  their  relative  intensity  changes  were  used  to  calibrate 
the  'silidde  composition  and  thickness. 

We  describe  first  briefly  (be  results  on  chemical  bonding  of  bulk  PdjSt  (8).  In  Pd^Sl.  the 
angle-integrated  UPS  spectra  (dominated  by  the  Pd  contribution  because  of  its  high  phototonizs- 
tiou  cross  section)  as  shown  in  Fig.  la  indicate  that  most  of  the  d  states  become  occupied  with  the 
major  peak  B  shifted  -2.73*V  below  Ep.  Portion  A  of  the  valence  states  has  contributions  from 
botb  Pd  and  Si  and  by  being  doss  to  Ep.  it  provides  ths  metallic  character  for  PdjSi.  The 
difference  in  the  Si  Lj  ^W  Auger  spectra  for  PdjSi  and  Si  as  shown  in  Fig.  lb  reflects  significant 
changes  in  the  silicon  valence  state  densities  (DOS)  as  a  result  of  silidde  formation  which  grim  rise 
to  a  silidde  spectrum  with  four  characteristic  peaks  at  79,  84,  89  and  94  eV. 
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Figure  1.  a.  Angle-integrated  UTS  spectra  observed  on  PdjSi  and  onTdjSi  and  on  nngls-crystai 
Pdflll)  and  Sid  11)  surfaces,  b.  Comparison  of  tbe  LjjW  Auger  spectra  observed  on  PdjSi 
and  Si(l  11)  surfaces. 

Chemical  bonding  information  eras  derived  by  interpreting  tbe  UTS  data  together  with  the  AES 
spectra  based  on  partial  DOS  calculated  for  Pd-Si  compounds.  The  calculation  is  self-consistent 
and  based  on  the  Augmemed-Spberical-Wave  Method  (9).  Compounds  of  the  PdjSi,  PdSi  and 
PdSij  stoichiometries  in  cubic  structures  of  the  CujAu,  CuAu  and  CsCl  form  have  been  studied. 
These  structures  enable  ua  to  eaamine  the  effect  of  changing  the  nearest-neighbor  chemical 
environment  on  the  Pd-Si  bond.  Results  of  these  calculations  show  that  the  total  DOS  of  tha 
compound  is  dominated  by  the  Pd  d  states  which  have  features,  such  is  the  shift  below  Ep  and  tha 
position  of  ths  major  peek,  in  qualitative  agreement  with  the  UTS  results.  The  Si  3p  states  form 
two  well  defined  group*  straddling  the  d  band  with  locations  near  Ep(-O)  and  at  -3  eV.  Ths  Si  3s 
states  lie  below  the  p  stales  at  about  -lOeV.  Schematics  for  Anger  transitions  involving  the 
l-2.3(2p)  level  and  valence  levels  from  the  two  p  state  groups  and  the  3s  states  have  been  worked 
out  (4,  3}  which  satisfactorily  account  for  the  four-peak  structure  observed  in  tha  filicide  4.3™ 
spectrum.  These  results  lead  to  the  conclusion  thit  the  chemical  bonding  responsible  for  PdjSi 
formation  involves  primarily  the  two  3p  group}  of  Si  and  part  of  the  Pd  d  electrons.  The  hybridi¬ 
zation  of  these  p  and  d  electrons  forma  tha  basic  bonding  and  anti-bonding  states  in  PdjSL 

Pertinent  to  the  interfacial  electronic  structure  are  the  spectroscopy  results  observed  during  in-situ 
evaporation  of  Pd  layers.  UTS  results  (3.101  revealed  that  the  valence  spectra  associated  with  the 
interface  have  ths  characteristic  form  of  the  filicide  accompanied  with  shifts  of  the  major  peak  B 
from  -3.3eV  at  low  coverage  to  -2.73eV  at  about  12A  coverage.  The  LjjW  Auger  spectra 
observed  for  increasing  coverages  are  shown  in  Fig.  2a.  To  discern  changes  caused  by  interface 
reaction,  we  decompose  such  spectrum  into  two  parts,  one  has  the  elemental  Si  form  and  the 
remain  gives  the  changes  due  to  filicide  formation:  oaly  the  latter  is  shown  in  Fig.  2b.  Here  two 
points  are  worth  noting.  First,  the  intensity  of  the  94  eV  peek  reaches  a  maaimum  at  about  7 A 
coverage  while  tbe  rest  of  the  intensity  increases  with  furtbtr  covsrags;  and  second,  the  94  eV 
peak  shifts  toward  lower  enargies  with  coverage,  mtiimizing  at  about  leV  shift  for  PdjSi.  Tbe 
calculated  DOS  reveals  that  stoichiometry  increase  of  Si  is  the  compound  shifts  the  position  of  the 
d  peak  toward  lowsr  snergies  as  well  as  increases  the  occupation  of  the  antibonding  3p  states  near 
Ep.  This  is  consistent  with  the  UTS  results;  in  addition,  by  noting  that  the  94  tV  peak- involves 
two  antibonding  p  nates,  the  calculated  DOS  also  explains  the  changes  is  position  and  energy  of 
this  Auger  peak.  Thus  it  appears  that  stoichiometry  gradient  with  Si  enrichment  near  the  interface 
can  account  for  the  spectroscopy  results.  Indeed,  It  hss  been  propoeed  that  an  isterfacial  ulkide  of 
the  MSi4  stoichiometry  can  be  used  as  a  basis  to  confirm  tbs  Schottky  model  for  filicide/ Si 
interface.  (II) 
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Figure  2.  a.  The  Si  3W  Au^er  spectra  observed  at  the  Pd/Si(Ul)  interface  aa  a  functioe  of 
Pd  coverage.  Pd  thickness:  a.  1A.  b.  3A,  c.  10A,  d.  17A,  e.  30A.  b.  The  Lj  j  W  spectra  in  a  are 
decomposed  by  substractint  off  the  eleaentai  Si  spectrom.  Here  the  difference  shows  teams 
mainly  associated  with  interfaciai  alidde  fomarioa. 


Several  relevant  issues  concerning  the  interface  stotduocnstry  gradient  have  to  be  resolved.  First, 
since  TEM  observations  show  only  the  PdjSi  phase  sziststg  in  the  reactive  Pd/Si  interface,  it  is 
difficait  to  justify  thermodynamically  a  large  stoichiometry  variation  in  one  phase.  Second,  there  is 
no  direct  stoichiometry  measurement  within,  e.g.  10A  of  the  interface,  to  confirm  the  Si  enrichment 
of  the  compound.  And  third,  tinea  the  electron  spoctroecopy  tenses  only  the  lorslirsd  atomic 
environment,  it  does  not  provide  information  on  the  overall  atomic  structure  far  the  interface.  To 
investigate  these  problems,  we  used  the  cress-ssctionsl  TEM  to  eiaodne  dm  interfaciai  structure 
and  Auger  intensity  calibration  to  determine  tbe  competition  of  the  interface  layer. 

e 

in  Fig.  3a  we  show  the  TEM  lattice  image  of  the  PdjSi/Sidll)  interface  as  obtained  from  a 
sample  where  PdjSi  eras  formed  by  evaporating  ~  100A  of  Pd  on  a  chemically  clean  Si  surface.  In 
Si  the  image  shows  the  (111 j  and  (220)  planes  which  are  interwoven  to  yield  the  <1 10>  rhannela 
while  in  PtUSi,  the  (2240)  planes  ara  observed.  Them  lattice  images  clearly  attend  to  the 
interface  indicating  that  aa  atomically  sharp  Pdj Si/Si  interface  exuu  with  no  amorphous-tike 
structure.  It  is  significant,  however,  to  point  out  the  taro  types  of  structural  imperfections  at  dm 
interface.  One  is  the  misfit  dislocation!  which  can  be  detected  by  counting  the  differences  in  the 
numbers  of  lattice  fringes  on  the  two  sides  of  tbs  interface  and  the  other  are  step*  ranging  from 
monolayer  to  several  atomic  layers.  As  illustrated  in  Fig.  3b.  both  type*  of  defects  are  able  to 
change  tbe  local  bonding  configuration  without  varying  the  overall  lattice  structure.  In  addition, 
even  for  an  ideal  interface,  the  abrupt  termination  of  the  cryetals  at  tbe  interface  produces  bonds 
with  unique  interfaciai  character.  Them  results  demonstrate  that  hoods  distinct  from  thorn  in  bulk 
Pd^Si  exist  at  tha  PdjSi/Si  interface  to  a  depth  of  several  atomic  layers. 

The  composition  calibration  is  based  on  the  relative  intensity  variations  of  the  Si  LVV  and  KLL  vs 
the  Pd  MW  lines.  The  depth  sensitivity  of  tbe  calibration  comes  from  the  different  eaeape 
distances  of  thtae  Auger  lines.  Based  on  the  shape  difference,  one  can  separate  the  elemental  Si 
from  tha  silicide  contribution  to  the  LW  intensity,  thus  the  intensity  variation  of  the  silicxls  DOS 
can  be  examined  within  the  eseape  distance  of  the  LW  electrons  (about  7A)  from  tha  interface. 
Calibrations  of  data  from  several  mas  similar  to  that  shown  la  Fig.2  reveal  that  while  the  combina¬ 
tion  of  tha  elemental  Si  LW,  Pd  MW  and  Si  KLL  intensities  shows  formation  of  tha  seme  nlioric 
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F<twt  3.  a.  TEM  lattice  image  obeerred  in  a  vertical  croaa  section  of  the  Pd-Si/Si  interface.  b. 
Schematic  illustration  of  stractml  imperfections  of  steps  and  snafu  dislocations. 

Tha  calibration  raanlta  aloaa  ic  insufficient  to  reeolve  tba  question  whether  tba  extra  DOS  ix  caaaati 
by  interfscui  states  or  by  a  stoichiometry  gradient  aaar  tba  iatarfaca.  However.  whan  tbay  no 
combined  with  tba  nmctnral  information.  particularly  noting  that  tba  atomic  roughness  of  tba 
interface  is  consistent  with  tba  range  of  tba  extra  Si  DOS.  wa  are  led  to  believe  tba  answer  to  be 
tha  existence  of  SI  iatarfaca  stataa  at  tha  Pd^Si/Si  iatarfaca.  which  saam  to  be  originated  (ram 
structural  imperfections,  a.g.  steps  and  misfit  dialocationa,  Tba  fact  that  tba  extra  intensity  comae 
from  tha  94  eV  peak  farther  mggaani  that  tba  interfaca  stataa  are  associated  with  tba  aatibonding 
states  of  Pd(4d)-Si(3p)  hybrids  near  Ep.  Details  concerning  the  nature  of  the  structure  and 
bonding  of  tba  iatarfaca  stataa  ate  being  studied. 
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ABSTRACT:  The  chemical  bonding  and  electronic  properties  of  Pd2Si  have 
been  investigated  by  measuring  UPS  and  AES  transitions  involving  both 
core  and  valence  electrons  for  Pd,  Si,  and  Pd2Si.  The  spectra  have  been 
interpreted  based  on  partial  state  densities  calculated  for  Pd-Si  compounds. 
In  the  silicide,  the  d  states  of  the  Pd  interact  strongly  with  the  p  states  of 
the  Si.  The  resulting  p-d  hybrid  complex  is  composed  of  Pd  d  states  lying 
almost  entirely  below  Ep  with  the  central  peak  at  -2.15  eV  and  two  groups 
of  Si  states  separated  by  -5  eV.  The  lower-lying  group  of  Si  states  forms 
the  Si(3p)-Pd(4d)  bonding  levels  while  the  higher-lying  group  near  Ep 
forms  the  corresponding  anti-bonding  states.  The  compound  stoichiometry 
can  change  the  position  of  the  d  peak  as  well  as  the  occupation  of  the 
antibonding  states,  thus  affecting  the  phase  stability  of  the  compound. 
Such  stoichiometry  variations  are  consistent  with  a  rigid  band  filling  of  the 
d-p  complex.  The  results  obtained  in  this  study  can  be  used  to  account  for 
the  transport  properties  of  Pd^Si. 


To  be  published  in  Phys.  Rev.  B15  (Nov.  1980). 


I.  INTRODUCTION 


The  formation  of  silicide  compounds  at  metal/Si  interfaces  is  of  current 
interest  because  of  the  potential  device  applications  and  the  need  for  basic 
understanding  of  the  properties  of  metal-semiconductor  interfaces.  Exten¬ 
sive  studies  have  been  carried  out  on  the  material  properties  of  silicides1, 
such  as  phase  identifications  and  formation  kinetics;  however,  the  electron¬ 
ic  or  chemical  bonding  characteristics  of  these  compounds  have  not  been 
systematically  investigated.  Knowledge  of  the  electronic  properties  of  the 
silicide  and  at  the  interface  is  important  for  understanding  the  formation 
mechanism  of  Schottky  barriers  and  Ohmic  contacts  at  silicide/Si  interfac¬ 
es.  In  this  regard,  it  is  relevant  to  distinguish  interfaces  where  metal-Si 
compounds  can  be  formed  e.g.  Pd/Si  and  Pt/Si,  from  those  where  such 
compounds  do  not  exist  e.g.  Al/Si  and  Au/Si.  The  formation  of  a  specific 
compound  defines  the  local  atomic  and  chemical  environment  in  the  silicide 
lattice  and  to  a  significant  extent  at  the  silicide/Si  interface  as  well,  where¬ 
by  the  electronic  properties  are  largely  determined.  In  contrast,  most  of 
the  properties  of  the  nonreacting  interface  may  be  characteristic  of  the 
discrete  nature  of  the  ideal  metal/Si  interface,  e.g.  metal-induced  gap 
states.2  In  addition,  compound  formation  proceeds  at  a  reaction  interface 
which  is  created  continuously  by  atomic  rearrangement  resulting  from 
material  reactions.  This  tends  to  better  preserve  the  intrinsic  characteristics 
of  the  interface  since  it  is  less  susceptible  to  interfacial  contamination 
effects  than  are  the  noncompound-forming  interfaces.  Indeed,  we  reported 
earlier  in  a  study  of  the  Pd/Si  interface3  that  microscopic  compound 
formation  dominates  the  chemical  and  electronic  properties  of  the  Pd/Si 
interfaces. 

We  have  completed  a  study  of  silicide  formation  at  the  Pd/Si  interface 
using  ultraviolet  photoemission  spectroscopy  (UPS)  and  Auger  electron 
spectroscopy  (AES).  The  reason  for  choosing  the  Pd/Si  system  is  three¬ 
fold.  First,  we  wish  to  explore  the  nature  of  the  chemical  bonding  between 
the  metal  d  and  the  Si  s-p  electrons  underlying  the  mechanism  for 
transition-metal  silicide  formation.  Second,  the  basal  plane  of  Pd2Si  and 
the  Si(lll)  surface  have  an  epitaxial  relationship  with  less  than  2%  lattice 
misfit4,  so  the  atomic  structure  of  the  interface  is  expected  to  be  simple. 
Third,  extensive  data  on  silicide  formation  in  the  Pd/Si  system  show  forma¬ 
tion  of  only  one  compound,  Pd^Si,  and  that  is  stable  up  to  700°C  but  can 
still  be  readily  formed  at  200°  C. 5  The  compound  stability  and  fast  reac¬ 
tion  kinetics  suggest  a  strong  chemical  interaction  between  the  Pd  and  Si 
atoms.  All  these  factors  facilitate  our  prototype  study  of  the  metal/Si 
interface. 

Results  of  our  study  are  reported  in  two  papers.  Here,  the  first  one 
describes  results  for  bulk  Pd2Si  formed  by  reacting  relatively  thick  (~100A) 
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Pd  overlayers  with  Si.  The  chemical  bond  and  electronic  characteristics  of 
the  compound  are  inferred  by  interpreting  the  spectroscopy  data  using 
calculated  electronic  density  of  states  (DOS)  for  Pd,  Si,  and  Pd-Si  com¬ 
pounds.  The  sequel  paper  deals  with  the  chemical  bonding  and  reactions  at 
the  Pd/Si  interface  observed  during  the  initial  stage  of  silicide  formation. 

II.  EXPERIMENTAL 

All  experiments  were  carried  out  on  single-crystal  Si  substrates  of  1  to 
10  Q-cm  resistivity.  Before  Pd  evaporation,  the  Si  substrate  was  sputter- 
cleaned  using  Ar+  ions  of  1  keV  energy  and  then  annealed  by  direct  resis¬ 
tive  heating  up  to  about  850° C  for  about  10  min.  to  remove  the  sputter 
damage.  LEED  examination  of  some  sample  surfaces  showed  the  annealing 
procedure  to  be  sufficient  to  produce  the  reconstructed  (7x7)  Si(lll) 
surface  or  a  (lxl)  Si(lll)  surface  (probably  a  disordered  (7x7)  structure). 
Observations  by  transmission  electron  microscopy  (TEM)  revealed  that  the 
Pd2Si  formed  on  the  (111)  Si  substrates  after  sputtering  and  annealing 
treatments  was  not  epitaxial  in  all  areas,  indicating  incomplete  recovery  of 
the  surface  sputter  damage.6  However,  the  features  of  the  UPS  and  the 
AES  spectra  were  independent  of  the  degree  of  epitaxy  of  the  PdjSi. 

Pd  evaporations  were  made  by  direct  sublimation  of  a  resistively  heated 
Pd  wire  (0.25  mm.  dia.)  in  the  ultrahigh  vacuum  chamber.  During  evapora¬ 
tion,  the  pressure  rise  was  less  than  2  x  10'9  torr.  Auger  examination  of 
the  Pd  surface  usually  revealed  no  detectable  surface  contaminants  (i.e., 
less  than  1%  surface  coverage).  Pd  thickness  was  measured  by  a  thickness 
monitor  (for  UPS  measurements)  or  calibrated  according  to  the  relative 
intensity  changes  of  the  Pd  and  Si  Auger  lines  with  different  electron 
escape  distances.7  Data  reported  here  were  all  obtained  on  samples  with 
Pd  thickness  more  than  about  50 A.  For  these  samples,  the  conversion  of 
Pd  into  PdjSi  was  carried  out  by  annealing  at  about  200° C  where  a  few 
minutes  were  sufficient  for  a  complete  conversion  (as  confirmed  by  TEM 
phase  identification). 

Spectroscopy  data  were  taken  using  a  double-pass  cylindrical  mirror 
analyzer  with  an  energy  band  pass  of  0.6%.  UPS  measurement  used  a 
differentially  pumped  He  resonance  lamp  for  photon  excitation  (hr— 2 1.2 
eV)  and  electron  counting  techniques.  For  AES  measurements,  the  elec¬ 
tron  gun  was  operated  at  5  keV  and  a  beam  chopping  method  was  used  to 
obtain  the  undifferentiated  N(E)  spectra  directly.  Measurements  were 
made  on  the  Pd  M4  5W  and  Si  L2  3W  and  KLL  Auger  transitions.  The 
first  two  valence  state  transitions  were  used  to  monitor  changes  in  the 
valence  electronic  structure  of  Pd  and  Si  a  result  of  silicide  formation. 
There  are  two  other  Si  valence  transitions,  the  LLV  and  the  KLV  lines, 
which  are  simpler  to  interpret  since  only  one  valence  level  is  involved. 


They  were  not  used  because  of  the  LLV  energy  overlap  with  Pd  lines  and 
the  weak  intensity  of  the  KLV  line.  The  core  KLL  transition  was  used 
mainly  to  obtain  the  relative  changes  in  the  Auger  line  intensities  in  order 
to  determine  the  composition  and  thickness  of  the  sUicide  layer.  Here  it 
suffices  to  mention  that  the  results  presented  in  this  paper  were  obtained 
from  samples  which  have  been  identified  by  Auger  composition  calibration 
and  TEM  diffraction  techniques  to  be  the  Pc^Si  compound. 

III.  RESULTS 

a.  Photoemission  and  Auger  Spectroscopy 

In  Fig.  1  the  angle-integrated  UPS  spectrum  of  Pd2Si  formed  on  Si(lll) 
is  compared  with  spectra  from  clean  single -crystal  Pd(lll)  and  Si(lll) 
surfaces.  The  considerably  larger  intensity  in  the  Pd(lll)  and  PdjSi 
spectra  arises  from  the  large  Pd  4d  photoionization  cross  section,  which 
causes  the  Pd2Si  spectrum  to  be  dominated  by  the  Pd  d  states.  Comparing 
the  Pd(lll)  and  Pt^Si  spectra,  the  4d  band  is  seen  to  be  shifted  toward 
lower  energies  as  a  result  of  siiicide  formation;  the  main  Pd2Si  peak  B 
appears  about  -2.7S  eV  below  the  Fermi  level  Ep.  The  width  of  the  d  band 
is  not  greatly  changed  but  those  empty  d  states  in  Pd  metal  (above  Ep) 
now  become  essentially  completely  filled.  These  features  indicate  an 
electronic  structure  for  Pd  in  the  siiicide  more  like  that  of  the  noble  metals 
than  the  transition  metals.  The  formation  of  Pd^Si  also  brings  forth  new, 
but  relatively  weak,  peaks  at  C  and  D.  In  addition,  electronic  states  exist 
near  Ep  which  produce  a  characteristic  Fermi  level  cutoff  shape  at  Ep. 
This  portion  of  the  DOS  (designated  as  A)  gives  a  metallic  character  for 
Pd2Si.  The  detailed  nature  of  the  electronic  states  contributing  to  these 
structures  cannot  be  readily  assessed  on  the  basis  of  the  UPS  data  alone 
although  it  is  expected  that  they  involve  not  only  the  Pd  but  also  the  Si 
valence  states.  This  will  be  discussed  later  in  conjunction  with  results  from 
AES  measurements  and  band  calculations. 

in  Fig.  2a  we  compare  the  Si  Lj  3W  spectrum  for  elemental  Si  with 
that  in  PdjSi.  It  is  clear  that  the  formation  of  the  siiicide  significantly 
alters  the  line  shape  of  the  LW  transition,  thus  reflecting  basic  changes  in 
the  valence  structure  of  Si.  For  clarity,  we  decompose  the  siiicide  LW 
spectrum  into  two  portions  as  shown  in  Fig.  2b  with  one  portion  scaled 
according  to  the  L  /V  shape  of  elemental  Si  and  the  other  showing  the 
change  in  the  spectrum.  The  siiicide  spectrum  displays  peaks  at  79,  84,  89 
and  94  eV  The  ot.gin  of  these  peaks  will  be  discussed  later:  at  this  point, 
it  is  interesting  to  note  that  these  peaks  are  separated  by  about  S  eV  energy 
differences. 
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In  contrast,  the  KLL  Si  line  for  Pd^Si  as  shown  in  Fig.  3  exhibits  little 
change  from  that  of  elemental  Si.  This  leads  to  the  obvious  conclusion  that 
the  formation  of  silicide  changes  primarily  the  valence  states  of  Si  but  does 
not  change  its  core  level  positions  greatly  (<1  eV.)  In  Fig.  4,  the  M45W 
spectra  for  Pd  obtained  from  a  pure  Pd  film  and  from  Pd2Si  are  shown. 
The  shape  of  the  main  doublet  in  the  spectrum  shows  no  visible  difference 
as  a  result  of  silicide  formation.  The  lower  energy  peak  A  of  this  spectrum 
comes  from  transitions  involving  3d5/2  core  states  and  the  higher  energy 
one  (B)  corresponds  to  transitions  involving  the  3d3/2  states.  The  separa¬ 
tion  of  these  two  3d  peaks  caused  by  spin-orbit  splitting  is  about  5  eV  in 
pure  Pd  as  determined  by  XPS  measurements.8  The  M4  5W  Auger  trans¬ 
ition  has  an  energy  separation  between  A  and  B  still  of  S  eV,  so  the  rela¬ 
tive  levels  of  the  two  3d  states  do  not  change  upon  the  formation  of  silicide 
and  its  line  width  of  about  10  eV  reflects  the  transition  arising  from  self¬ 
convolution  of  the  4d  valence  states  (5  eV  wide).  These  features  agree 
quantitatively  with  the  results  obtained  in  a  similar  spectroscopic  study  on 
amorphous  Pd-Si  metallic  glasses.8  In  the  amorphous  compound  study,  the 
high  energy  peak  of  the  compound  was  observed  to  shift  about  1  eV  toward 
lower  energy.  This  magnitude  of  energy  shift  cannot  be  ascertained  in  our 
measurements.  In  our  Pd^Si  spectrum,  a  new  peak  appears  at  about  302 
eV.  The  intensity  of  this  peak  was  observed  to  increase  with  Pd  layer 
thickness  during  the  initial  stage  of  silicide  formation  so  it  is  associated 
with  silicide  formation.  The  origin  of  this  peak  is  not  clear  at  present. 

b.  Calculated  State  Densities 

The  UPS  and  AES  results  indicate  significant  changes  in  the  valence 
electronic  structures  of  both  Pd  and  Si  upon  silicide  formation.  Extracting 
information  relevant  to  the  bonding  characteristics  requires  lineshape 
analysis  of  the  spectra  which  is  not  straightforward.  As  noted  earlier, 
although  the  UPS  spectrum  is  dominated  by  Pd  4d  contributions.  Si  con¬ 
tributions  are  also  present,  so  that  a  distinction  between  these  two  cannot 
be  made  by  UPS  data  alone.  The  Auger  spectrum  is  specific  to  the  local  Si 
or  Pd  electronic  structure  but  it  involves  a  self-convolution  of  the  valence 
state  densities;  the  multi-state  nature  of  the  transition  makes  it  difficult  to 
deconvolute  the  valence  density  of  states. 

To  facilitate  the  interpretation  of  the  measured  spectra,  calculations  of 
density  of  state  were  carried  out  for  both  Pd,  Si  and  several  Pd-Si  com¬ 
pounds  (although  here  we  will  only  show  results  of  two  compounds  most 
relevant  to  our  data  interpretation).  To  describe  the  crystal  structure  used 
in  the  calculation,  it  is  useful  to  examine  first  the  lattice  structure  of  Pd2Si. 
This  compound  has  a  hep  structure  with  atomic  arrangements  for  the  two 
basic  stacking  layers4  as  shown  in  Fig.  3.  The  structure  shows  that  each  Si 
atom  is  encased  by  9  Pd  atoms  stacking  in  3  equi-lateral  triangles  with  60° 


relative  rotations.  Probably  the  most  important  aspect  of  this  structure  in 
affecting  the  Si  spectra  is  that  the  tetrahedral  environment  of  elemental  Si 
is  completely  eliminated;  each  Si  is  completely  surrounded  by  Pd  atoms. 
Limitations  of  our  computer  programs  prevent  us  from  studying  Pd2Si  in 
the  hexagonal  structure.  However,  our  self-consistent  calculations  for 
Pd/Si  compounds  in  the  Cu3Au,  CuAu  and  CsCl  structures  reveal,  we  feel, 
the  important  properties  of  the  Pd/ Si  bond,  such  as  the  role  of  stoichiome¬ 
try,  the  importance  of  charge  transfer,  the  strength  of  the  bond  and  the 
implications  of  depriving  the  Si  atoms  of  the  Si  neighbors.  In  Fig.  Sb  we 
show  the  CuAu  and  Cu3Au  type  crystal  structure  for  Pd3Si  and  PdSi.  All 
three  of  the  structures  used  in  the  calculations  permit  the  Si  atoms  to  be 
surrounded  by  Pd  atoms.  Furthermore,  comparison  of  the  results  for  the 
CsCl  and  CuAu  structures  provides  an  indication  of  the  importance  of  the 
local  geometrical  structure.  In  all  cases  total-energy  minimization  was  used 
to  determine  the  lattice  constant  and  to  assess  the  bonding  strength. 

The  calculations  employ  the  Augmented-Spherical-Wave  method.9  The 
aspects  of  this  method  which  are  important  in  the  present  context  are:  (1) 
it  is  fully  self-consistent  (if  charge  transfer  were  important,  we  would  see 
it.);  (2)  calculated  heats  of  formations  agree  well  with  experiment^9-10); 
and  (3)  the  only  input  to  these  calculations  is  the  atomic  numbers  of  the 
constituents  and  the  crystal  structure. 


Figures  6  and  7  show  the  calculated  DOS  for  PdSi  and  Pd3Si  in  the 
CuAu  and  Ci^Au  structures  (fcc-like).  Also  shown  are  the  partial 
(projected)  DOS  corresponding  to  the  Si  and  Pd  sites.  Several  aspects  of 
the  state  densities  should  be  noted.  First,  the  total  state  densities  for  PdSi 
and  Pd3Si  are  qualitatively  similar,  indicating  that  rigid-band  theory  is  the 
appropriate  perspective  from  which  to  consider  stoichiometry  changes.  The 
principal  difference  between  PdSi  and  Pd3Si  is  the  position  of  the  Fermi 
level.  Second,  the  d  states  of  the  Pd  dominate  the  total  state  density.  One 
should  note,  however,  that  the  DOS  near  Ep  (position  A)  is  not  exclusively 
due  to  the  d  states;  rather  the  Si  3p  states  contribute  about  equally,  and  a 
similar  situation  exists  in  the  tail  portion  (D)  of  the  d  band  at  about  5. 5  eV 
below  Ep.  Third,  the  density  of  Si  p  states  indicates  two  well  defined 
groups  of  states  which  straddle  the  d  band.  These  two  groups  reflect  the 
formation  of  bonding  and  anti-bonding  Si(3p)-Pd(4d)  hybrids.  The  chemi¬ 
cal  bond  in  Pd^Si  does  not  seem  to  involve  the  Si  3s  states  since  most  of 
them  remain  about  10  eV  below  Ep.  The  large  effect  on  the  Si  3p  states  is 
not  unexpected  sintr  these  states  are  mainly  responsible  for  the  directional¬ 
ity  in  the  covalent  bond  of  Si,  which  is  completely  absent  in  the  silicide. 


IV  DISCUSSION 
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In  studying  the  UPS  spectrum  of  amorphous  PdSi  compounds,  Riley  et 
al.8  estimated  the  cross  section  ratio  <r(Si  3p)/<r(Pd  4d)  to  be  about  unity. 
Judging  from  this  ratio  and  the  relative  numbers  of  valence  electrons  for  Pd 
and  Si  (20  vs.  4  in  Pd2Si),  the  UPS  spectrum  for  Pd2Si  is  expected  to 
reflect  rather  closely  the  total  DOS  with  dominant  contributions  from  the 
Pd  d  states.  On  this  basis  the  UPS  data  and  the  calculated  DOS  are  in 
good  agreement,  with  both  showing  the  Pd  d  band  being  completely  occu¬ 
pied  and  the  major  d  peak  shifted  to  about  -2.75  eV  below  EF.  Interesting¬ 
ly,  the  shift  of  the  major  d  peak  was  not  constant  but  rather  was  observed 
to  vary  from  -3.5  eV  at  submonolayer  Pd  coverage  to  -2.75  eV  in  bulk 
Pd^Si.3  This  shift  and  the  stoichiometry  dependence  of  the  d  peak/Fermi 
level  separation  (larger  for  higher  Si  concentration)  seen  in  the  calculated 
DOS  (Figs.  6  and  7)  suggest  that  early  stages  of  the  interface  are  Si-rich  as 
compared  to  Pd2Si.  The  implication  of  such  stoichiometry  effects  on  the 
interface  properties  will  be  discussed  in  the  sequel  paper. 

The  energy-band  calculations  indicate  that  the  principal  factor  in  the  d 
peak  displacement  is  not  charge  transfer,  but  rather  the  formation  of  a 
hybrid  complex  resulting  from  the  strong  interaction  of  the  p(Si)  and  d(Pd) 
states.  The  d  component  of  this  complex,  while  well  defined  in  the  pho¬ 
toemission  spectrum,  contains  sufficiently  fewer  than  ten  electrons  that  its 
position  below  EF  does  not  imply  significant  charge  transfer. 

For  AES,  Sawatzky 1 1  showed  that  for  transitions  involving  two  valence 
states,  the  spectrum  is  quasi-atomic  if  the  Coulomb  interaction  between  the 
two  holes  is  much  larger  than  the  bandwidth;  otherwise  it  resembles  the 
self-convolution  of  the  DOS  of  the  valence  band.  Previous  Auger 
studies12,13  on  d  metals  showed  that  the  quasi-atomic  character  holds  in 
general  for  the  M4  5W  transitions.  Since  the  observed  M4  5W  line  shape 
was  almost  identical  for  Pd  and  Pd2Si  we  infer  that  the  Pd  local  charge 
density  remains  quasi-atomic  in  the  silicide  lattice.  This  is  really  not 
surprising  since  the  local  Pd  configuration  in  Pd2Si  is  primarily  of  the 
nearest-neighbor  Pd-Pd  type. 

Riley  et  al/81  have  also  concluded  from  the  peak  shift  of  the  Pd 
M4  3W  line  that  negligible  charge  transfer  occurs  between  Pd  and  Si  in  the 
amorphous  Pd-Si  metallic  glass.  This  is  consistent  with  our  observation  of 
the  Pd  M4  5W  transition  in  Pd2Si  as  well  as  with  our  calculated  state 
densities. 

In  contrast,  the  Si  L2(3W  transition  satisfies  the  band-convolution 
criterion  and  the  lineshape  of  this  transition  has  been  investigated  and 
successfully  understood  for  elemental  Si  in  a  number  of  theoretical 
studies.14"16  The  conclusion  generally  reached  is  that  the  spectrum  is 
dominated  by  the  p-p  type  transitions  involving  two  3p  valence  states. 


which  account  for  most  of  the  intensity  for  the  89  eV  peak.  As  for  the 
other  transitions,  the  s-p  types  represent  only  about  10%,  contributing 
mainly  to  the  tail  portion  of  the  spectrum,  and  the  s-s  transitions  are 
negligibly  small.  These  weightings  are  attributed  to  matrix  element 
effects14  which  suppress  contributions  from  the  overlap  (bonding)  charge 
density  of  the  s-like  atomic  orbitals. 

For  Pd2Si,  the  observed  L2  3VV  spectrum  can  be  qualitatively  under¬ 
stood  based  on  the  Si  DOS  obtained  from  our  calculations  and  schematics 
for  the  Si  L2  3VV  transitions  in  the  silicide  are  shown  in  Fig.  2c.  The  5  eV 
splitting  of  the  bonding  (pb)  and  antibonding  (pa)  states  can  account  for 
peaks  at  94  eV  (pa-pa),  89  eV  (pb-pa)  and  84  eV  (pb-pb).  Additionally, 
transitions  involving  the  pa,  pb  and  3s  states  contribute  to  the  peaks  at  79 
eV  and  84  eV  respectively.  Evaluation  of  the  lineshape  would  require 
detailed  calculation  of  the  silicide  spectrum  which  is  presently  under 
study17;  however,  Roth18  has  recently  derived  the  Si  valence  DOS  by 
self-deconvolution  of  the  L2  3VV  spectrum  observed  for  Pd2Si,  and  his 
results  agree  generally  with  our  schematics  of  the  transitions. 

We  found  that  the  94  eV  peak  was  more  readily  observed  at  low  Pd 
coverages  than  the  79  and  84  eV  peaks,  with  its  intensity  reaching  a  rela¬ 
tive  maximum  under  about  two  monolayers  (~3A)  of  Pd  coverage.  This 
reveals  enhanced  DOS  existing  in  the  band  gap  during  the  initial  stage  of 
silicide  formation.  (Details  of  this  observation  and  its  stoichiometry  de¬ 
pendence  will  be  discussed  in  the  sequel  paper).  Since  the  94  eV  peak 
originates  from  the  pa  antibonding  states  which  are  mostly  empty  in  Pd2Si, 
we  speculate  that  the  antibonding  states  contribute  to  the  Si  L2  3VV  Auger 
spectrum  because  they  are  the  states  constituting  the  screening  charge 
brought  to  the  Si  site  by  the  core  hole  responsible  for  the  Auger  transitions. 
(The  initial  state  from  the  viewpoint  of  the  Auger  transitions  is  the  fully 
screened  final  state  of  the  core-hoie-creation  process.19,20) 

Summarizing  the  AES  and  UPS  results,  the  formation  of  Pd2Si  is  found 
to  affect  both  the  Pd-  and  Si-  derived  states:  for  Pd,  the  d  states  become 
"filled"  and  shifted  to  about  -2.75  eV  below  EF;  for  Si,  the  3p  states  are 
split  into  two  peaks  of  about  5  eV  apart,  while  the  3  s  states  remain  about 
10  eV  below  Ep  and  not  much  affected.  The  chemical  reactions  responsi¬ 
ble  for  Pd^Si  formation  involve  Pd(4d)  -  Si(3p)  bonding  states  at  about 
-5.5  eV  and  antibonding  states  near  Ep.  These  overall  features  of  the 
chemical  bond  for  PdjSi  crystalline  compound  are  quite  similar  to  those 
observed  for  amorphous  Pd81Si19  metallic  glass.8  The  calculations  demon¬ 
strate  that  stoichiometry  can  affect  compound  stability  by  varying  the 
occupation  of  the  antibonding  states.  This  is  also  reflected  in  the  calculat¬ 
ed  heat  of  formation  which  shows  a  sharp  variation  with  the  stoichiometry. 
All  these  results  indicate  that  the  stable  stoichiometry  is  determined  by  the 
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energy  benefit  of  positioning  Ep  below  the  antibonding  state,  so  the  siiicide 
in  the  Pd-Si  system  tends  to  contain  more  Pd  than  the  50:50  ratio  in  order 
to  improve  its  phase  stability. 

Finally  the  electronic  structure  of  Pc^Si  as  deduced  here  can  be  used  to 
account  for  its  transport  properties.  Wittmer  et  al21  measured  the  transport 
properties  of  Pd2Si  from  the  Hall  mobility  and  the  electrical  conductivity. 
They  concluded  that  Pd2Si  is  metallic  with  negative  charge  carriers  of 
average  mobility  but  were  unable  to  explain  the  low  conductivity  value 
which  amounts  to  only  about  ~  of  the  mobile  charges.  We  have  already 
pointed  out  the  metallic  character  of  Pd2Si.  Significantly,  our  results  show 
also  that  most  of  the  d  band  is  shifted  about  2  to  3  eV  below  Ep  so  these  d 
electrons  do  not  contribute  to  the  transport  properties,  thus  the  mobile 
charges  come  only  from  the  small  portion  of  the  total  electrons  located  near 
Ep  as  observed  by  these  authors.  Interestingly,  these  electrons  are  also 
responsible  for  part  of  the  chemical  bond  between  Pd  and  Si  atoms  in 
Pc^Si. 
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Angle-integrated  UPS  spectra  observed  on  Pd^Si  and  on  single¬ 
crystal  Pd(lll)  and  Si(lll)  surfaces.  Note  the  difference  in  the 

intensity  scales  revealing  the  dominance  of  the  Pd  4d  states  in 
the  Pd2Si  spectrum. 
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a.  Comparison  of  the  I^  3W  Auger  spectra  observed  on  Pt^Si 
and  Si(lll)  surfaces,  b.’  Decomposition  of  the  Auger  spectra 
into  two  portions  with  the  solid  line  portion  proportional  to  the 
elemental  peak  and  the  dash-line  portion  showing  the  change  as 
a  result  of  silicide  formation,  c.  Schematics  of  the  Auger  trans¬ 
itions  for  Si  L2  3W  in  Pd2Si  according  to  calculated  state  densi¬ 
ties. 


Comparison  of  the  Si  KLL  spectra  observed  on  Si(lll)  and 
Pc^Si  surfaces.  (Intensities  normalized  for  the  main  peak). 


Comparison  of  the  Pd  M4  3W  Auger  spectra  observed  on  a 
polycrystalline  Pd  surface  and  a  Pd^Si  surface  formed  on  Si(lll) 
substrate.  (Intensities  normalized  for  the  main  peak.) 
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a.  Atomic  arrangements  on  the  two  basic  layers  forming  Pd2Si 
structure.  The  hep  Pc^Si  structure  has  a  stacking  sequence  of 
ABAB.  b.  The  CuAu  and  Cu^Au  type  crystal  structures  of  PdSi 
and  Pt^Si  used  for  calculating  DOS  of  Pd-Si  compounds. 
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Calculated  total  and  partial  state  densities  for  Pd,  Si  and  PdSi 
compound.  Note  the  difference  in  the  vertical  scales  for  the 
state  densities.  The  shaded  areas  in  the  total  DOS  indicate  the 
bonding  and  antibonding  states. 
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Calculated  total  and  partial  state  densities  for  Pd,  Si  and  Pd3Si 
compound.  Note  the  difference  in  the  vertical  scales  for  the 
state  densities.  The  shaded  areas  in  the  total  DOS  indicate  the 
bonding  and  antibonding  states. 
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Abstract 

The  electronic  structure  of  the  clean  Pd/Si(  111)  and  Pd/Si(100)  interfaces  has  been 
investigated  using  angle-integrated  and  angle-resolved  ultraviolet  photoemission  (UPS)  and 
Auger  electron  spectroscopies  (AES),  in  conjunction  with  TEM,  work  function,  and  LEED 
measurements.  Since  the  interface  is  highly  reactive,  studies  were  made  by  processing  the 
reaction  in  two  ways:  (i)  sequential  annealing  steps  of  thick  metal  overlayers,  and  (ii) 
sequential  deposition  steps  of  very  thin  metal  overiayers  (considerably  less  than  a  monolayer 
per  step).  The  UPS  and  AES  spectra  of  the  bulk  reaction  product  (Pd^Si)  were  first  deter¬ 
mined  in  films  sufficiently  thick  for  TEM  phase  analysis  (>sA).  taking  care  to  be  sure  that 
surface  segregation  effects  (due  to  thin  film  reaction  kinetics)  in  these  cases  were  negligible. 
On  this  basis,  lower  coverage  (submonolayer)  spectra  could  then  be  interpreted.  Formation  of 
the  Pd2Si  compound  is  interface-driven  and  extremely  rapid  at  the  clean  Pd/ Si  interface.  This 
compound  formation  dominates  the  microscopic  chemistry  and  electronic  properties  of  the 
interface.  Chemical  shifts  observed  in  the  electron  spectroscopy  measurements  can  be 
interpreted  in  terms  of  stoichiometry  variations  in  the  Pd?Si  compound  (i.e.  retaining  its 
lattice  structure);  these  appear  as  Si-rich  Pd2Si  near  the  interface,  with  the  Si  excess  decreas¬ 
ing  with  distance  from  the  interface.  Although  silicide  formation  accounts  for  most  aspects  of 
the  electronic  structure,  other  effects  such  as  localized  interface  bonds,  defect  states,  etc.  may 
make  additional  contributions  at  low  metal  coverage. 
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Introduction  \ 

Chemical  bonding  (i.e.  electronic  structure  coupled  with  atomic  microstructure)  deter¬ 
mines  many  of  the  properties  of  the  metal/semiconductor  interface.  Because  of  its  signifi¬ 
cance  in  semiconductor  device  applications,  the  most  important  electrical  property  is  probably 
the  Schottky  barrier  height:  ohmic  (low  barrier)  contacts  to  semiconducting  materials  are 
needed  simply  to  make  use  of  active  devices,  while  both  high  and  low  barrier  contacts  may  be 
employed  as  active  devices  themselves  (Schottky  diodes). 

Although  the  Schottky  barrier  has  been  the  subject  of  intensive  study  for  many  years,  a 
fundamental  understanding  of  the  mechanisms  underlying  Schottky  barrier  formation  is  still 
lacking.  Phenomena  intrinsic  to  an  abrupt  metal/ semiconductor  interface  can  in  principle 
determine  the  Schottky  barrier  height.1  Such  phenomena  include  surface2  and  interface3*7 
states,  interface  resonances  associated  with  metal  wave-function  tails  extending  into  the 
semiconductor,3-9  interface  dipole  layers,3*3’9  surface  plasmons,10  gap  closure,11  etc.  Even 
though  theoretical  calculations  of  interface  electronic  structure  have  illustrated  some  of  these 
effects  and  experimental  studies  have  been  interpreted  as  evidence  for  some  of  these  phenom¬ 
ena,  recent  theoretical7'12  and  experimental3*3’13'14  work  has  increasingly  emphasized  the  need 
for  a  microscopic  understanding  of  the  detailed  chemical  bonding,  and  structure,  at  each 
specific  interface.  Nevertheless,  characterizing  these  chemical  interactions  has  proven 
difficult. 

The  importance  of  interfacial  chemistry  is  particularly  clear  in  the  case  of  reactive 
interfaces.  A  broad  class  of  metal/Si  interfaces  (mostly  transition  metals)  is  known  to  be 
reactive,  forming  metai-Si  compounds  (silicides)  which  grow  from  the  interface.13  These 
interfaces  have  seen  increasing  application  in  electronic  devices.  They  represent  an  attractive 
subject  for  Schottky  barrier  studies  as  well  because:  (i)  extensive  thin  film  investigations  have 
revealed  much  about  the  film  growth  kinetics,  microstructure,  and  compound  phases  of  the 
silicide  reaction  products,  and  (ii)  metal/ semiconductor  interface  chemistry  should  be  simpler 


(or  the  elemental  semiconductors.  Furthermore,  the  Schottky  barrier  height  of  the  remitting 
siiidde/Si  contact  exhibits  the  importance  of  the  interfacial  chemistry  in  its  correlation  with 
silicide  beat  of  formation1*  and  eutectic  temperature t?. 

We  have  chosen  to  study  the  Pd/Si  interface  because  reaction  at  up  to  ~700*C  yields 
only  a  single  product13,  Pd2Si.  This  choice  makes  it  possible  to  interpret  observations  of 
chemical  interactions  quite  dearly  and  thus  to  reveal  the  initial  stages  of  interface  formation. 
The  microscopic  chemistry  and  properties  of  the  Pd/Si  interface  are  Aw«m«»h  try  compound 
formation  at  the  interface,  which  represents  the  initial  sup  in  the  silicide  formation 
reaction.1*19  This  compound  formation  seems  to  be  accompanied  by  stoichiometry  variations 
(Si-excess)  in  the  silicide  near  the  interface  and  by  additional  band  gap  states  specifically 
associated  with  the  interface20-21.  These  results  provide  little  evidence  that  phenneaena 
intrinsic  to  the  abrupt  interface  play  an  important  role  in  Schottky  barrier  formation  at  the 

m 

Pd/Si  interface. 

These  studies  concentrated  on  the  atomically  dean  Pd/Si(  111)  and  Pd/Si(  100)  interfaces 
for  very  thin  (Sl/*A)  as  well  as  thicker  metal  overlayers.  Surface  electronic  structure  seas 
measured  by  ingle-resolved  end  ingle-integrated  pbotoemiamon  spectroecopy  (AH UPS  end 
AIUPS  respectively)  and  Anger  electron  spectroecopy  (AES),  complemented  by  tranmuseioe 
electron  microecopy  (TEM),  low  energy  electron  diffraction  (LEED),  and  work- function 
measurements.  Abbreviated  descriptions  of  them  results  hsve  been  published  earlier.1*'19  A 
discussion  of  relevant  electronic  properties  of  bulk  Pd2Si,  based  on  experimental  results 
described  here  and  on  theoretical  calculations,  is  being  published  separately.22 

All  depositions  sad  measurements  except  the  TEM  studies  were  carried  out  in  uitrahigh 
vacuum  (UHV,  p  ~  1  x  10~10  ton.).  Samples  were  cut  from  0.010"  thick  Sid  11)  and  (100) 
wafers.  The  surfaces  were  deeaed  by  in-situ  km  bombardment  Surface  structure  *■— f 
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was  than  removed  by  annealing  to  ~ 800-850° C  for  5-30  min.  using  direct  resistive  heating  of 
the  sample  through  Ta  clamps  holding  the  sample;  visual  inspection  of  the  glowing  surface 
during  annealing  revealed  that  the  sample  temperature  was  quite  uniform  (<50*C)  over  the 
entire  portion  of  the  surface  between  the  clamp*,  where  spectroscopy  measurements  were 
done.  The  sample  temperature  was  monitored  by  a  chromel/aiumel  thermocouple  spot- welded 
to  one  of  the  Ta  damps;  temperatures  during  annealing  were  also  checked  by  optical  pyrome- 
try. 


After  the  sputter  cleaning  and  annealing,  ordered  surface  structures  were  observed  by 
LEED.  For  Si(lll).  studies  on  both  the  (7x7)  reconstructed  surface  and  a  (lxl)  surface 
(probably  representing  a  disordered  (7x7)  )  were  carried  out  and  gave  essentially  the  same 
results.  The  Si(100)  surface  exhibited  a  c(4x2)  superstructure,  with  c(4x2)  LEED  spots  faint 
but  clearly  visible  in  addition  to  the  (2x1)  structure.  AES  showed  the  surface  to  be 
contaminant-free  to  about  1%  of  a  monolayer. 

Pd  overlayers  were  evaporated  by  direct  sublimation  from  a  resistively  heated  0.010"  die. 
Pd  wire.  Pd  coverages  were  determined  using  a  quarts  crystal  microbelaace  and  also  by  Auger 
composition  analysis;  coverages  are  given  in  terms  of  equivalent  Pd  metal  thickness.  The  Pd 
source  could  be  maintained  at  a  constant  sublimation  temperature  for  a  low  deposition  rate 
(~  1  A/min.);  controlled  deposition  amounts  could  then  be  made  by  removing  a  shutter  from 
the  evaporant  path  to  the  sample  for  a  fixed  length  of  time.  In  this  way  relative  coverages 
were  accurate  to  ~  10-20%  for  sequential  deposition  studies. 

UPS  measurements  were  made  using  a  differentially  pumped  He  resonance  lamp  (Hel. 
Hell,  and  Net  liaes  at  incident  photon  energies  hr  -  21.2,  40.8.  and  16.8  eV  respectively). 
For  the  angle -resolved  UPS  studies  a  VC  ADE5  400  spectrometer  was  used,  while  a  PHI 
1 5-235G  cylindrical  nurror  analyzer  was  employed  for  angle-integrated  UPS  and  AES 
measurements  Electron  counting  techniques  were  used  for  UPS.  The  work  function  e  of  the 
surface  was  obtained  from  the  width  of  the  UPS  distribution  (secondary  electron  cutoff  to 


Fermi  energy  cutoff),  which  is  simply  (h»-+).  Both  AES  derivative  end  integrated  spectra 
(dN/dE  and  N(E)  respectively)  were  measured  in  analog  detection  mode  with  a  5kV  primary 
beam  of  ~1jiA  defocussed  to  ~lmm  dia.;  beam-chopping  was  employed  for  the  N(E)  meas¬ 
urements.  AIUPS  and  AES  spectra  were  acquired  into  a  computer  using  a  device  coupler**; 
this  facilitated  the  calculation  of  difference  spectra  as  well  as  graphics  analysis. 

TEM  studies  were  carried  out  after  the  Pd/Si  samples  were  removed  from  the  UHV 
system  to  investigate  the  compound  phases  farmed,  their  lattice  constants,  degree  of  epitaxy, 
and  interfacial  microstructure.  Related  TEM  and  AES  results  on  the  Pd/Si(lll)  interface 
have  been  published  previously.1*'24 

The  surface  spectroscopy  studies  of  the  interfacial  reaction  were  carried  out  in  two  ways. 
First,  progress  of  the  reaction  was  monitored  for  relatively  thick  Pd  overlayer  films 
(~  100-300A)  ss  a  function  of  sequential  annealing  cycles.  Second,  the  character  of  the  film 
surface  was  studied  as  a  function  of  distance  from  the  interface  by  observing  the  spectra  after 
successive  depositions  of  very  thin  Pd  layers  (-1/4A).  These  very  thin  film  deposition  results 
reveal  in  a  rather  direct  fashion  the  microscopic  chemical  properties  during  the  initial  stages  of 
interface  formation.  The  spectroscopy  measurements  ire  sensitive  to  the  interface  for  metal 
coverages  of  order  the  electron  escape  depth  (~3  -  23  k);  if  further  meul  deposition  does  not 
alter  the  properties  of  the  underlying  interface,  then  these  measurements  give  information 
characteristic  of  the  buried  contact.  Furthermore,  we  note  that  the  interface  properties 
measured  here  under  clean  UHV  conditions  may  also  be  relevant  to  "real"  ("dirty")  interfac¬ 
es.  for  many  cases  of  siheide  formation  (including  that  of  Pd^Si)  on  contaminated,  oxide- 
covered  surfaces,  the  reaction  front  moves  into  the  Si  substrate  to  yield  a  relatively  dean 
silicide/Si  interface. 15 


Ill.  Results 


A.  Sequential  Annealing  of  Thick  Films 

UPS  results  for  successive  annealing  cycles  to  react  a  thick  Pd  overiayer  film  illustrate  the 
progress  of  the  reaction  and  reveal  the  basic  electronic  structure  of  the  reaction  product, 
Pd2Si,  as  shown  in  Fig.  1.  First  a  clean,  ordered  Si(lll)  surface  was  produced  and  measured, 
in  this  case  by  angie-resolved  UPS;  the  ARUPS  properties  of  this  surface  were  in  agreement 
with  those  reported  previously.23  A  relatively  thick  Pd  film  (~3(X)A)  was  then  evaporated  onto 
the  Si  substrate  which  was  held  at  25  °C.  The  ARUPS  spectrum  of  this  overlayer  for  13° 
angle  of  incidence  of  the  Hel  light  and  normal  emission  is  shown  in  Fig.  la.  The  Pd(4d) 
bands  of  Pd  metal  produce  the  strong  doublet  structure  seen  between  —  3  eV  and  —0.5  eV, 
while  a  distinct  metallic  cutoff  is  observed  at  the  Fermi  energy  EF.  The  work  function  of  this 
surface,  obtained  from  the  width  of  the  UPS  spectrum,  is  4  •  5.5  eV  as  typically  observed  for 
evaporated  Pd  metal.  Normal  emission  spectra  like  that  in  Fig.  la  were  nearly  identical  to 
those  for  a  Pd(  111)  single  crystal  surface26  since  the  surface  of  the  deposited  film  is  unreacted 
metal  and  has  strong  (111)  texture  as  shown  by  the  TEM  studies. 

Three  successive  150°C  annealing  steps  (—30  sec  each)  cause  strong  modifications  in  the 
ARUPS  spectrum  (Figs,  lb,  lc,  and  Id)  and  reduce  to  ~5.04  eV;  at  this  point  a  single  peak 
near  -2.75  eV  dominates  the  spectrum  and  a  weak  Fermi  edge  remains.  Two  further 
annealing  steps  shift  this  peak  slightly  toward  lower  energy  without  further  changing  *  or  the 
overall  spectral  shape. 

TEM  analysis  carried  out  after  removing  the  sample  from  the  UHV  system  determined 
that  the  overlayer  film  whose  spectrum  is  shown  in  Fig.  If  was  continuous  and  fully  reacted  to 
Pd2Si,  with  no  other  phases  detectable.  As  explained  below,  the  surface  properties  (UPS 
spectrum  and  *)  for  this  film  were  also  characteristic  of  the  Pd2Si  bulk  of  the  film.  Thus 
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Pd2Si  has  <>35.04  eV;  its  UPS  spectrum  is  dominated  by  a  single  peak  (associated  with  the 
Pd(4d)  electrons18-22)  near  -2.75  eV. 

The  ARUPS  spectra  of  this  Pd2Si  film  are  insensitive  to  variations  in  hv  (16.8,  21.2,  or 
40.8  eV),  angle  of  incidence,  or  angle  of  emission,  in  contrast  to  those  for  the  deposited  Pd 
metal  film  and  for  the  clean  Si  surface.  This  lack  of  dispersion  can  be  attributed  to  two 
factors.  First,  although  thin  film  studies  have  established  that  Pd2Si  can  be  formed  epitaxially 
on  the  Si(lll)  surface,27,28  we  found  that  a  high  degree  of  epitaxy  is  not  readily  achieved  for 
Pd2Si  formation  on  the  atomically  clean  and  ordered  Si(lll)  surface:  although  >95%  of  the 
silicide  could  be  made  epitaxial,  values  near  30*50%  were  more  typical.  Without  epitaxy, 
angular  dispersion  in  ARUPS  is  expected  to  be  lost.  A  second  explanation  for  the  insensitivity 
of  the  ARUPS  spectra  to  angle  and  to  hr  is  that  Pd2Si  has  a  rather  large  (9  atom)  real  space 
unit  cell27,  and  the  correspondingly  small  unit  cell  in  reciprocal  space  may  therefore  have 
many  nearly  flat  bands  and  exhibit  little  band  dispersion. 

Finally,  we  note  that  the  change  in  the  UPS  spectrum  of  the  film  surface  is  rather  abrupt: 
although  the  annealing  steps  were  all  the  same  in  Fig.  1,  nearly  all  changes  occur  between 
curves  lb  and  Id  while  only  a  reduced  emission  intensity  is  seen  from  la  to  lb  and  small 
changes  from  Id  to  If.  This  behavior  indicates  that  the  reaction  front  at  which  Pd  is  convert¬ 
ed  to  Pd2Si  is  rather  sharp.  As  explained  below,  it  begins  at  the  Pd/Si  interface  (where  Pd2Si 
is  formed):  then  the  Pd2Si/Pd  interface  proceeds  through  the  Pd  film  toward  its  surface;  when 
it  comes  within  the  UPS  detection  depth,  the  spectrum  changes  markedly. 

B.  Sequential  Deposition  of  Thin  Films — UPS  Results 

AIUPS  spectra  for  sequential  depositions  of  very  thin  Pd  layers  on  the  clean  Si(lll) 
surface  at  25°  C  are  shown  in  Fig.  2.  The  spectrum  for  the  clean  surface  shows  bulk  Si  peaks 
near  -7  and  -3.5  eV  and  intrinsic  surface  state  features28  near  -1.8  eV  and  —0.9  eV.  The 
Si(  1 1 1 )— (7  x  7)  surface  is  known  to  be  metallic25  (the  associated  metallic  Fermi  edge  is  not 
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clearly  observed  here  because  of  the  modest  energy  resolution  used  (~0.3S  eV)  and  the 
disorder  of  the  superstructure  which  we  believe  is  responsible  for  the  (lxl)  LEED  pattern 
seen). 

Upon  Pd  deposition  the  emission  intensity  increases  signficantly  due  to  the  considerably 
larger  UPS  cross-section  of  Pd  (from  its  4d  electrons)  compared  to  that  of  Si.  With  increasing 
Pd  coverage  the  intrinsic  surface  state  features  are  lost  and  metallic  states  appear  much  more 
clearly  at  EF.  The  bulk  Si  features  observed  for  <lA  metal  coverage  exhibit  no  shift  in 
energy,  so  that  no  evidence  for  band-bending  changes  is  found.  The  work  function  increases 
by  ~0.9  eV.  A  new  peak  arises  near  —3  eV  (e.g.  see  the  1.0A  curve)  and  shifts  up  in  energy 
(toward  EF)  slowly.  The  spectra  for  ~2-12A  closely  resemble  the  ARUPS  spectrum  of  Pd^Si 
in  Fig.  If,  although  relative  intensities  of  various  parts  of  the  spectrum  differ  somewhat.  The 
main  peak  of  Pt^Si  in  both  ATUPS  and  ARUPS  is  asymmetric — sharper  on  the  high  energy 
side  and  having  shoulders  near  —4.3  eV  and  —6.3  eV  on  the  low  energy  side.  Auger  compos¬ 
ition  calibrations  for  films  ~3-10A  thick  like  those  in  Fig.  2  indicated  the  presence  of  a  Pd-Si 
layer  having  about  a  PdjSi  stoichiometry  on  top  of  the  Si  substrate.  These  AIUPS  spectra  are 
thus  essentially  characteristic  of  Pd^Si  compound. 

Although  the  shift  of  the  main  d-band  peak  from  ~2A  to  12A  Pd  coverage  is  relatively 
small,  comparable  coverage  increments  from  12  to  22A  and  from  22  to  32A  produce  a  more 
pronounced  shift  toward  EF.  As  discussed  in  detail  later,  we  associate  this  with  the  presence 
of  unreacted  Pd  metal  near  the  surface  in  addition  to  Pd^Si  in  the  film  (or  possibly  Pd-rich 
Pd2Si).  The  AIUPS  spectrum  is  then  a  combination  of  the  Pd^Si  spectrum  (d-band  peak  near 
-2.73  eV)  and  a  Pd  spectrum  (center  of  mass  of  d-band  structures  near  -1.73  eV)  so  that  the 
main  peak  occurs  somewhere  in  the  middle  (~*— 2.0  eV  for  32A  coverage).  Since  silicide 
formation  begins  at  the  Pd/Si  interface  and  proceeds  through  the  Pd  film,  progressively  less 
reaction  may  have  taken  place  at  positions  further  from  the  interface  (which  are  seen  in  the 
surface  spectra  for  higher  coverage). 


In  order  to  better  understand  and  interpret  the  changes  in  the  UPS  spectra— -especially  for 
low  coverage— we  concentrate  on  "difference  spectra".  Because  the  Pd  cross-section  is  much 
larger  than  that  for  Si,  the  difference  curve  obtained  by  subtracting  the  clean  Si  spectrum  from 
the  Pd-covered  spectrum  is  nearly  the  same  as  the  Pd-covered  spectrum  itself  if  the  coverage  is 
£4 A.  Corresponding  difference  curves  for  lower  coverage  show  the  electronic  structure 
changes  associated  with  all  the  deposited  Pd  present  at  that  point.  However,  even  more 
revealing  information  can  be  obtained  from  "incremental  difference  curves"  such  as  those 
shown  in  Fig.  3b,  3c,  and  3d  for  Pd/Si(lll);  these  are  representative  of  electronic  structure 
changes  associated  with  additional  0.25A  Pd  coverage  increments  deposited  on  top  of  whatev¬ 
er  Pd  was  already  present.  These  difference  curves  are  compared  to  the  spectra  for  clean 
Si(lll)  and  those  for  4A  and  12A  Pd/Si(lll)  in  Fig.  3. 

Although  not  at  all  obvious  from  the  spectra  in  Fig.  2,  the  difference  spectra  in  Fig.  3 
show  clearly  that  the  electronic  structure  associated  with  snbmonolayer  amounts  of  Pd 
deposited  on  Si(lll)  closely  resembles  that  of  Pd2Si  (Fig.  3f),  with  a  weak  Fermi  edge  and  a 
strong  asymmetric  peak  (high  energy  side  sharper)  ~3  eV  below  EF.  This  marked  similarity 
leads  us  to  conclude  that  chemical  bonding  at  very  low  coverage  is  very  similar  to  that  in  Pd2Si 
(as  seen  by  UPS),  i.e.  a  Pd2Si-like  compound  is  formed.  We  note,  however,  that  there  are 
some  differences  between  the  electronic  structure  at  very  low  coverage  and  that  of  bulk  Pd2Si. 
The  d-band  peak  shifts  from  an  initial  position  at  -3.5  eV  (Fig.  3b)  continuously  toward  Ep 
with  higher  coverage,  reaching  ~-2.75  eV  in  bulk  Pd^Si  for  >loA  coverage.  Furthermore, 
the  intensity  near  EF,  i.e.  in  the  Si  band  gap  region,  appears  somewhat  enhanced  at  low 
coverage  relative  to  the  main  d-band  peak. 

Corresponding  AIUPS  results  for  very  thin  Pd  layers  on  the  clean  Si(100)  surface  are 
shown  in  Fig.  4.  Intrinsic  surface  state  features  exist29  near  -0.7  eV  and  -1.3  eV;  the  latter 
is  seen  clearly  in  Fig.  4a  and  gives  rise  to  a  marked  dip  at  this  energy  in  the  difference  spectra 
(Figs.  4b  and  4c).  In  spite  of  the  differences  between  the  initial  clean  Si(lll)  and  (100) 
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surfaces,  the  results  are  very  similar.  On  the  (100)  surface,  as  on  the  (111)  surface,  the  Pd^Si 
spectrum  is  observed  at  ~12A  Pd  coverage.  The  low  coverage  difference  spectra  on  Si(100) 
also  show  the  essential  PdjSi  spectral  characteristics,  including  a  well-defined  Fermi  edge,  a 
strong  d-band  peak  near  -3  eV,  and  the  shift  of  this  peak  from  -—3.5  eV  at  lowest  coverage 
to  a  final  position  near  -2.75  eV  at  higher  coverage.  Silicide  formation  thus  occurs  in  a  very 
similar  way  on  Si(100)  as  on  Si(lll). 

The  low-coverage  UPS  specov  are  much  more  similar  to  those  for  bulk  Pd^Si  than  to 
those  for  very  thin  overlayers  of  pure  transition  metals.  The  UPS  spectra  for  thin  Pd  layers  on 
Ag30  and  Pd  alloyed  with  Ag31  show  resonant  d-levels  with  widths  and  binding  energies  below 
EF(~1  eV)  which  are  -2-3X  smaller  than  observed  here  for  Pd  on  Si.  Thin  Pd(lll)  overiay- 
ers  on  Nb(110)  exhibit  d-levels  at  ——3.1  eV,  again  with  a  smaller  width  (-0.5  eV)  than  that 
for  Pd/Si.32  In  both  cases  the  coverage-dependent  shifts  of  the  d-level  are  much  smaller  «0.2 
eV)  that  those  seen  here  (-0.75  eV).  Very  thin  (Si  monolayer)  Pd  films  on  polar  ZnO 
surfaces33  do  not  react  strongly  with  the  ZnO;  again  the  Pd  d-bands  differ  markedly  from  the 
low-coverage  Pd/Si  spectra,  with  -2-3X  narrower  peak  width  and  with  peak  asymmetry  of  the 
opposite  sign.  Thus  experimental  UPS  results  provide  no  evidence  favoring  the  presence  of  an 
elemental  Pd  film  at  low  coverage.  Such  a  hypothesis  is  also  contradicted  by  the  existence  of 
epitaxy  for  Pd^Si  on  Si(lll)  and  by  the  formation  of  Pd2Si  observed  directly  at  higher 
coverage. 

On  crystalline  graphite  surfaces  the  Pd  d-levels  at  low  coverage  (in  He  I  UPS  spectra) 
appear  near  -2.5  eV  and  shift  somewhat  (-0.5  eV)  toward  Ep  with  increasing  coverage.34 
Their  width  is  also  comparable  to  that  for  Pd/Sl.  Thus  the  Pd  d-band  behavior  at  low 
coverage  is  similar  on  Si  and  graphite  surfaces,  but  this  could  also  result  from  «imil»r  chemical 
bonding  and  stoichiometry  effects  in  a  mixed  Pd-Si  or  Pd-C  interfadal  material,  especially 
because  Si  and  C  are  isoelectronic. 
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We  conclude  that  a  Pd2Si-like  compound  is  formed  at  low  coverage  insofar  as  its  elec¬ 
tronic  structure  as  seen  in  UPS  is  concerned. 

C.  Sequential  Deposition  of  Thin  Films— AES  Results 

The  Si  L23W  Auger  spectrum  provides  a  valuable  measure  of  interface  electronic 
structure  because:  (i)  it  is  clearly  sensitive  to  the  chemical  environment  of  the  Si  atom  and  its 
local  valence  bonding;  (ii)  its  lineshape  is  bandlike  (Le.  revealing  density-of-states  informa¬ 
tion)  rather  than  quasi-atomic;  and  (iil)  it  is  atom-specific,  showing  local  density-of-states 
properties  at  the  Si  site— in  complementary  relation  to  the  UPS  valence  band  spectra,  which 
reveal  mainly  Pd  d-band  features.  Other  Auger  transitions  involving  the  valence  band  are 
either  quasi-atomic  (e.g.  the  Pd  M4  JW  near  330  eV)  or  otherwise  not  satisfactory  for  studies 
of  the  initial  stages  of  interface  formation  because  they  are  too  weak  (e.g.  the  Si  KLV  near 
1630  eV)  or  overlapping  with  other  Anger  transitions  (e.g.  the  Si  LjL^jV  near  SO  eV). 

The  Si  L24  VV  AES  spectra  for  the  clean  Si(  111)  surface  and  for  thin  Pd  layers  deposited 
at  25°C  are  shown  in  Fig.  5  (undifferentiated  or  N(E)  mode).  The  spectra  all  have  a  common 
zero  for  N(E).  The  dominant  peak  in  the  clean  spectrum,  at  ~88.5  eV,  is  replaced  by  four 
new  features  at  ~94,  89.3,  83,  and  80  eV,  as  Pd  is  deposited  on  the  surface.  Since  this  Si 
AES  transition  is  observed  for  thicknesses  £30A,  which  are  large  compared  to  its  Auger 
escape  depth  (-7 A  in  elemental  Si),  Si  is  present  in  the  deposited  overlayer.  Auger  compos¬ 
ition  analysis  has  demonstrated24  that  the  stoichiometry  of  overlayers  formed  in  this  way  for 
2  3-5 A  pd  coverage  is  essentially  that  of  Pd2Si,  and  TEM  analysis  of  such  samples  confirms 
the  existence  of  the  Pd2Si  lattice  structure.  The  spectrum  in  Fig.  5f  thus  represents  that  of 
bulk  Pd2Si.  The  interpretation  of  its  features  has  been  discussed  previously22;  they  involve 
mainly  the  Si(3p)-Pd(4d)  bonding  and  antibonding  valence  state  which  determine  the  cohesive 
energy  and  phase  stability  of  the  Pd2Si  compound. 
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Because  of  the  proximity  of  the  Si  88.5  eV  and  the  PdjSi  89.5  eV  peaks  (which  are 
respectively  suppressed  and  enhanced  with  Pd  coverage),  standard  difference  curves  (Pd- 
covered  minus  clean  surface  spectra)  and  incremental  difference  curves  (as  used  in  the  AIUPS 
results  in  section  IIIB)  would  be  misleading.  We  therefore  analyze  the  AES  spectra  for  the 
initial  stages  of  interface  formation  by  decomposing  the  N(E)  spectra  into  a  portion  due  to 
elemental  Si  and  a  portion  due  to  the  Pd^Si-like  compound.  Since  the  elemental  Si  part 
corresponds  to  Si  below  the  overlayer,  its  shape  will  remain  constant  (that  seen  in  Fig.  5a) 
while  its  intensity  decreases  with  overiayer  thickness.  Since  there  is  no  evidence  for  band¬ 
bending  changes  from  UPS,  we  assume  that  the  elemental  Si  contribution  remains  unshifted 
for  decomposing  the  AES  spectra. 

The  decomposition  of  the  Si  L2  3W  spectra  in  Fig.  5  into  Pd^Si  and  elemental  Si 
contributions  is  shown  in  Fig.  6.  It  is  clear  that,  as  in  the  AIUPS  results,  the  essential  features 
of  the  bulk  PdjSi  spectrum  dominate  the  interface  electronic  structure  observed  at  very  low  Pd 
coverage  (these  AES  results  would  be  inconsistent  with  a  hypothesis  that  a  very  thin  elemental 
Pd  film  is  formed  at  low  coverage).  However,  some  differences  (as  in  the  AIUPS  results)  are 
found  between  the  low  coverage  spectra  and  the  bulk  PdjSi  spectra.  The  94  eV  peak  (and 
possibly  the  79  eV  peak)  shift  toward  higher  energy  with  increasing  coverage.  The  intensity 
of  states  nearest  EF  (reflected  in  the  highest-energy  AES  structure  at  ~94  eV)  decreases  with 
increasing  coverage  relative  to  the  other  peaks  at  lower  energy.  Like  the  AIUPS  results,  these 
spectra  indicate  that  a  Pd2Si-like  compound  is  formed  in  the  initial  states  of  interface  forma¬ 
tion. 

D.  Work  Function  Measurements  and  Schottky  Barrier  Height 

By  monitoring  the  shift  of  the  secondary  electron  cutoff  (i.e.  changes  in  the  width  of  the 
UPS  spectrum),  work  function  changes  as  small  as  ~30-50  meV  could  be  detected.  Since  the 
Pd  sublimation  rate  could  be  maintained  constant  over  many  thin  layer  evaporations,  the 
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change  in  work  function  with  coverage  could  be  measured  in  considerable  detail,  as  shown  in 
Fig.  7.  With  increasing  Pd  coverage  *  increases  monotonically  from  its  value  for  the  clean 
Si(lll)  surface  (4.6  eV25)  to  that  of  Pd2Si  (~5.04  eV)  in  ~10-12A,  then  rises  more  slowly 
with  further  Pd  coverage.  The  shaded  4  region,  ~5. 0-5.1  eV,  represents  approximately  the 
range  of  bulk  Pd2Si  work  functions,  as  described  in  section  HIE.  For  Pd  coverages  above 
~10-15A  deposited  at  room  temperature,  4  increases  toward  that  of  Pd  metal  (~S.6  eV)  due 
to  the  presence  of  incompletely  reacted  Pd  metal  at  the  surface  of  the  overlayer.  This  is 
consistent  with  the  coverage-dependence  of  the  main  d-band  peak  position  seen  in  AIUPS 
(section  1I1B). 

The  <t>  behavior  in  Fig.  7  shows  a  delayed  onset  of  4>  changes,  and  <f>  does  not  reach  its 
Pd2Si  value  until  ~8-10A  Pd  coverage.  Two  factors  may  influence  this  behavior.  First,  the 
UPS  measurement  of  the  surface  work  function  concentrates  on  the  threshold  or  cutoff  of  the 
secondary  electron  distribution.  If  the  surface  consists  of  patches  of  material  having  different 
4>  values  (e.g.,  some  dean  Si  and  some  Pd2Si),  the  measurement  will  be  much  more  sensitive  to 
the  lower  material,  which  determines  the  actual  cutoff.  This  fact  may  explain  why  the  onset 
of  work  function  changes  is  delayed  until  ~zk  Pd  coverage.  However,  this  effect  appears 
incapable  of  explaining  why  the  Pd2Si  work  function  is  not  obtained  by  ~3-5A  coverage,  since 
TEM  observations  for  this  coverage  showed  the  overlayer  to  be  continuous. 

The  second  factor  which  could  account  for  both  the  delayed  onset  of  work  function 
changes  and  the  delay  in  attaining  u  “  *Pd]Si  “  that  the  material  produced  at  the 
interface — i.e.,  in  the  initial  stages  of  interface  formation — may  differ  somewhat  from  bulk 
Pd2Si.  This  would  be  consistent  with  the  differences  (discussed  in  sections  IBB  and  mC)  in 
the  AIUPS  and  AES  spectra  for  very  low  Pd  coverages  compared  to  those  for  bulk  Pd2Sl 
Since  *  for  a  Pd-Si  mixture  or  compound  most  likely  scales  monotonically  with  concentration 
between  the  work  functions  of  the  elemental  constituents,  a  plausible  interpretation  of  the 
delay  in  reaching  0^$!  is  that  the  material  produced  near  the  interface  has  a  larger  Si/Pd 
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concentration  ratio  that  that  in  PdjSi— i.e.,  it  is  Si-rich  Pd^Si.  This  possibility  is  discussed 
more  thoroughly  in  section  IVB. 

It  is  interesting  to  compare  the  Schottky  barrier  height  of  these  atomically  clean  interfaces 
with  thick  film  results  obtained  under  more  usual  processing  conditions.  The  barrier  height  of 
the  contact  is  given  by  the  value  of  the  clean  Si  surface  modified  by  the  metal-induced  change 
in  band-bending.  For  the  clean  n-Si(lll)  surface,  we  take  the  Schottky  barrier  height  to  be 
EC-EF  -  0.79  eV33-36  (where  Ee  is  the  energy  of  the  conduction  band  minimum  at  the 
surface);  for  n-Si(100)  it  is  similar29  (0.75  ±  0.15  eV).  The  metal-induced  change  in 
band-bending  can  in  principle  be  obtained  from  the  shift  in  a  bulk  Si  UPS  feature;  using  the 
bulk  structures  near  -7  eV  for  the  clean  Si(lll)  and  Si(100)  surfaces,  the  band-bending  is 
unchanged  by  Pd  deposition  (to  ±0.1  eV).  (Above  ~  1 A  Pd  this  peak  is  not  easily  distin¬ 
guished  so  that  further  band-bending  changes  are  not  measured).  This  would  give  a  Schottky 
barrier  height  for  the  Pd-jSi  film  on  both  the  clean  Si(lll)  and  Si(lOO)  surfaces  of  ~0.79  ± 
0.1  eV,  in  good  agreement  with  thick  film  results.16  This  agreement  may  result  from  the  fact 
that  the  Pd/Si  interfacial  reaction  occurs  whether  or  not  native  oxides  and/or  contamination 
are  present,  producing  regions  of  relatively  clean  PdUSi/Si  interface  which  determine  the 
electrical  properties. 

E.  Interface  and  Film  Reaction  Kinetics-— Effects  on  Surface  Spectroscopies 

It  is  worthwhile  to  emphasize  the  rapid  reaction  kinetics  observed  here  for  PdjSi  forma¬ 
tion.  Although  thin  film  investigations  have  shown  that  200aC  annealing  is  required  to  form 
PdjSi  from  >1000A  Pd  film  deposited  under  modest  vacuum  conditions  onto  substrates 
prepared  by  standard  processing  techniques  (wet  chemical  etch,  etc.),  we  find  spontaneous 
PdjSi  formation  within  ~10-20A  of  the  initial  interface  at  25° C.  In  fact,  we  also  carried  out 
AIUPS  experiments  with  the  Si(lll)  sample  held  at  ~180*K  and  obtained  results  essentially 
identical  to  those  in  Fig.  2,  suggesting  that  silicide  is  formed  even  at  low  temperature  in 
oasically  the  same  way  as  at  room  temperature. 
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The  fast  reaction  kinetics  observed  here  cannot  be  directly  compared  with  standard  thin 
film  studies  for  three  reasons.  First,  the  present  studies  concentrate  on  much  thinner  films,  so 
that  mass  transport  (believed  to  be  the  rate-limiting  step  in  relatively  thick  Pd2Si  film  growth) 
may  be  less  important.  Second,  these  experiments  have  been  carried  out  on  atomically  clean 
and  ordered  Si  surfaces  under  UHV  conditions  which  allow  Pd  deposition  without  significant 
interface  contamination,  so  that  the  kinetics  of  interface  reaction  steps  in  the  Pd2Si  formation 
process  may  thus  be  much  faster  and  could  even  be  qualitatively  different.  Third,  the  present 
experiments  concentrate  in  fact  on  the  initial  stages  of  silicide  formation,  in  which  at  low 
coverage  Pd2Si  is  produced  at  the  Pd/Si  interface;  in  contrast,  the  Pd2Si  growth  process  for 
thicker  films  involves  interface  reaction  steps  at  the  Pd/Pd2Si  and  the  Pd2Si/Si  interfaces  in 
addition  to  mass  transport. 

Since  the  silicide  formation  reaction  originates  at  the  Pd/Si  interface,  temperature 
dependence  and  thermal  history  will  strongly  influence  what  phases  are  present  at  various 
distances  from  the  initial  interface.  In  order  to  safely  use  the  surface  spectroscopy  results,  we 
must  therefore  be  sure  that  the  surface  region  from  which  spectra  are  obtained  are  composed 
of  the  phases  we  identified,  e.g.  for  the  full  overlayer  film  by  TEM.  The  results  of  this 
analysis  are  especially  important  because  we  attempt  to  first  identify  the  UPS  and  AES 
features  characteristic  of  the  bulk  silicide  product  (Pd2Si)  and  then  to  interpret  the  interface 
electronic  structure  (low-coverage  spectra)  on  the  basis  of  their  comparison  with  the  bulk 
silicide  electronic  structure. 

An  example  of  this  problem  was  already  shown  and  discussed  in  conjunction  with  Fig.  2. 
As  the  Pd  coverage  is  increased  above  -12A  the  main  d-band  peak  of  Pd2Si  appears  to  shift 
closer  to  EF;  this  is  because  at  2S°C  the  reaction  has  not  gone  to  completion  at  the  outer 
surface  of  the  overlayer.  Here  unreacted  Pd  metal  is  mixed  with  Pd2Si  (or  possibly  the  Pd2Si 
is  Pd-rich),  giving  a  composite  surface  spectrum  with  a  d-band  peak  position  between  that  of 
Pd2Si  and  Pd  metal. 
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Other  examples  of  this  "under-reaction"  condition  of  the  surface  are  illustrated  by  two 
dashed  curves  in  Fig.  8,  which  correspond  to  different  Pd  coverages  deposited  at  room 
temperature.  It  is  clear  that  the  d-band  peak  position  can  be  varied  continuously  from  3.5 
to  1.5  eV  by  changing  the  coverage  for  a  25 °C  deposition  temperature.  In  contrast,  we 
found  that  a  brief  (~  few  minutes)  annealing  at  ~200°C  returns  surface  spectra  essentially  to 
that  of  Pd2Si,  as  indicated  by  the  solid  curve  in  Fig.  8  as  well  as  the  12A  curve  in  Fig.  2. 

Figure  7  shows  that  the  work  function  behavior  with  coverage  changes  at  4  3  5.0— 5.1 
eV,  indicating  a  <t>  value  in  this  range  for  bulk  Pd2Si.  Since  both  the  work  function  and  the 
d-band  peak  position  EPEaK  are  sensitive  to  and  vary  with  Pd  coverage  (but  in  different 
ways),  we  used  their  correlation  to  determine  0  and  EpeaK  characteristic  of  bulk  Pd2Si.  This 
relation  is  depicted  in  Fig.  9a  for  Pd/Si( ill).  The  very  thin  film  deposition  results  are  shown 
by  solid  dots,  and  EPEaK  in  this  case  corresponds  to  the  d-band  peak  position  from  the 
incremental  difference  curves.  As  also  seen  in  Fig.  7,  <p  increases  from  the  clean  Si(  111)  value 
(4.6  eV)  to  "*5.04  eV  as  the  Epeak  increases.  Once  <t>  a  5.04  eV  is  reached,  $  increases  only 
very  slowly  while  Epeak  shifts  closer  to  EP  with  the  presence  of  additional  unreacted  Pd  metal 
at  the  surface;  this  unreacted  metal  msJtes  a  direct  contribution  to  shifting  the  peak  but  does 
not  change  $  significantly  because  fa  a  5.6  eV,  considerably  larger  than  ^p^si  a  5.04  eV. 
This  behavior  is  a  clear  indication  that  .'he  surface  is  composed  of  Pd2Si  regions  and  unreacted 
Pd  metal  regions. 

The  thick  film  annealing  behavior  is  also  depicted  in  Fig.  9a,  by  open  circles  and  trian¬ 
gles.  In  this  case  4  starts  from  about  the  Pd  metal  value  and  decreases  to  the  Pd^Si  value  as 
the  silicide  formation  reaction  reaches  the  top  surface.  Note  that  in  both  the  thick  film 
annealing  and  thin  film  deposition  results  4  reaches  a  plateau  at  the  same  value,  *  a  5.04  eV. 
We  therefore  identify  this  as  TW*  state  of  the  surface  occurs  for  EPEaK  a  -2.75  eV. 

which  thus  represents  the  d-band  peak  position  for  bulk  PdjSi.  The  area  enclosed  by  the 
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dashed  line  in  Fig.  9a  indicates  an  approximate  parameter  space  in  which  the  surface  region  of 
a  Pd2Si  film  is  essentially  Pd2Si.  like  the  underlying  bulk. 

The  <>  vs.  Ep£xx  results  for  Pd/Si(100)  are  shown  in  Fig.  9b.  The  behavior  is  similar  to 
that  of  Pd/Si(l  1 1)  except  that  the  initial  work  function  for  the  dean  surface  is  higher. 

These  results  demonstrate  that  the  "under-reaction"  or  Pd  surface  enrichment  problem  at 
the  top  surface  occurs  at  25  °C  only  if  the  film  is  >10- 15 A;  at  lower  coverage  the  top  surface 
is  sufficiently  close  to  the  initial  Pd/Si  interface  that  all  the  Pd  is  converted  into  Pd2Si  form 
by  the  interface-driven  reaction.  With  annealing  for  several  minutes  at  150-200°C,  a  thicker 
overlayer  can  be  transformed  completely  into  Pt^Si. 

Annealing  at  still  higher  temperatures  like  400° C  (or  possibly  much  longer  annealing 
times  at  ~200°C)  produces  yet  a  different  effect,  as  shown  by  the  dotted  AIUPS  curve  in  Fig. 
8.  The  lineshape  changes  somewhat  and  the  emission  intensity  is  reduced  considerably.  The 
correlation  between  the  AIUPS  and  the  AES  spectral  changes,  depicted  in  Fig.  10,  demon¬ 
strates  that  the  400°C  annealing  cycle  ("over-reaction"  condition)  decreases  the  Pd/Si 
concentration  ratio  at  the  surface  dramatically.37  It  also  returns  the  Si  L^VV  AES  lineshape 
to  its  elemental  Si  form,  suggesting  that  the  surface  layer(s)  may  be  relatively  free  of  Pd  and 
perhaps  covalently  bonded.  Finally,  we  note  that  exposure  of  this  "over-reacted"  surface  to 
oxygen  produces  an  AIUPS  spectrum  like  that  resulting  from  oxygen  exposure  to  the  clean  Si 
surface;  in  contrast,  the  Pd2Si  surface  formed  by  200eC  annealing  is  relatively  inert  to  oxygen 
exposure. 

Whereas  the  cause  of  the  "under-reaction"  condition  (Pd  surface  enrichment)  is  clearly 
the  fact  that  the  silicide  formation  rate  is  lower  further  from  the  interface,  the  cause  of  the 
"over-reaction"  condition  (Si  surface  segregation)  is  less  obvious.  One  possibility  is  that  the 
solubility  of  Si  in  Pd2Si  is  temperature-dependent,  so  that  at  400°C  more  Si  dissolves  and 
must  then  segregate  back  into  the  Si  or  to  the  Pd2Si  surface  upon  cooling  to  25#C  (at  which 


the  measurements  were  made).  Thu  possibility  is  being  checked  experimentally.  Alums  live¬ 
ly,  the  surface  free  energy  may  be  reduced  (for  some  unknown  reason)  by  the  presence  of  s  Si 
layer  at  the  vacuum  interface. 

A.  Reaction  Behavior 

The  UPS  and  AES  spectra  presented  here  demonstrate  clearly  that  the  clean  Pd/Si 
interface  is  reactive.  As  emphasized  by  previous  work,3*3  this  implies  that  a  meaningful 
understanding  of  the  Pd/ Si  Schottky  barrier  requires  detailed  knowledge  of  the  microscopic 
interfacial  chemistry.  By  measuring  the  dependence  on  reaction  parameters  such  as  tempera* 
rare,  source  supply  (here  Pd  thickness),  etc.,  it  has  been  possible  to  determine  how  the  state  of 
the  system  varies  with  these  parameters,  then  to  deduce  the  surface  spectroscopic  properties  of 
the  PdjSi  reaction  product,  and  from  this  to  have  a  basis  for  interpreting  observations  of  the 
initial  stages  of  interface  formation. 

Although  some  characteristics  of  the  very  low  coverage  results  remain  to  be  discussed  in 
detail  and  evaluated  below,  it  is  clear  from  section  HIE  that  a  well-defined  PdjSi  compound  is 
formed  at  ~3-12A  Pd  coverage  from  ~180°K  to  ~  room  temperature.  At  higher  coverage  the 
surface  of  the  overlayer  becomes  partially  unreacted.  The  reaction  product  and  processing 
temperatures  are  similar  on  the  atomically  clean  Si(lll)  and  Si(100)  surfaces.  The  evolution 
of  the  partially  unreacted  surface  for  sufficiently  thick  films  at  ~25°C  demonstrates  that  the 
initial  stage  of  the  silicide  formation  reaction  (PdjSi  formation  at  the  Pd/Si  interface) 
proceeds  considerably  faster  than  the  growth  rate  of  thicker  silicide  films  (i.e.  after  some  PcUSi 
is  present).  This  may  be  a  consequence  of  the  heat  of  adsorption  of  Pd  on  Si,  the  energy  of 
which  could  be  sufficient  to  promote  the  initial  reaction  step  spontaneously  even  at  low 
temperatures. 

B.  Low  Coverage  Reaction  Product 


As  discussed  earlier,  the  evidence  supports  an  identification  of  the  interf aciaJ  material 
formed  at  low  coverage  as  a  Pd:Si-like  compound.  First,  the  low  coverage  UPS  and  AES 
spectra  (difference  curves)  are  strikingly  similar  in  shape  to  tboee  for  bulk  Pd,Si  Second,  this 
similarity  holds  both  for  the  Si  local  density-of-states  (as  seen  in  the  Si  L3  3W  AES  spec¬ 
trum)  and  for  the  Pd  density-of-states  (which  dominates  the  UPS  spectrum)  Recent  TEM 
vertical  sectioning  results1*-39  for  the  buried  interface  show  the  lattice  fringes  of  the  Pd3Si 
overlayer  and  the  Si  substrate  continuing  to  an  atomically  abrupt  interface  Identifying  the 
low-coverage  reaction  product  as  a  PcUS'-like  compound  provides  a  reasonable  starting  point 
for  the  abrupt  buried  interface,  for  the  interface -driven  character  of  the  reaction,  and  for 
epitaxial  Pd2Si  growth  on  Sid  1 1 ).  It  also  gives  physical  insight  into  the  microscopic  chemical 
origin  of  the  interface  electronic  structure  observed  during  the  initial  stages  of  interface 
formation;  it  says  essentially  that  the  metai-induced  states  at  the  interface  are  primarily  thoee 
of  the  PdiSi-like  compound  formed. 

C.  Spectroscopically  Observed  Chemical  Shifts 

However,  the  low-coverage  spectra  are  not  completely  equivalent  to  thoee  of  bulk  Pd-Si 
The  d-band  peak  position  in  UPS  appears  ~0  75  eV  further  below  EF  in  Pd, Si  and  shifts 
smoothly  with  coverage  With  increasing  coverage,  the  highest -energy  AES  peak  near  94  eV 
also  shifts  toward  higher  energy  and  decreases  in  intensity  relative  to  the  other  AES  peaks 
As  explained  previously,22  this  peak  is  associated  with  Si(3p)-Pd(4d)  antibonding  states,  so 
that  its  energy  shifts  may  be  related  to  those  of  the  main  d-band  peak  observed  in  the  UPS 
spectrum. 

It  is  interesting  to  note  that  these  chemical  shuts  seem  to  persist  to  Pd  coverages  consid¬ 
erably  larger  than  both  the  first  monolayer  or  so  and  also  the  screening  length  (~lA)  in  the 
metallic  Pd3Si  film.  In  the  AES  spectra  (Fig.  6).  the  position  and  relative  intensity  of  the  94 
eV  peak  continue  to  change  even  out  to  30A  Pd  coverage.  Since  this  particular  feature  of  the 
Si  Lj  jVV  AES  spectrum  is  associated  specifically  with  those  Si  atoms  bonded  to  Pd  in  nlictde 
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form,  these  variations  are  relatively  free  of  complications  from  the  "under-reaction"  and 
"over-reaction"  phenomena  discussed  in  section  [TIE.  In  the  UPS  spectra  (Figs.  3  and  4),  the 
d-peak  shifts  are  most  dramatic  in  the  first  A  but  are  still  clearly  evident  at  ~12A  coverage. 
The  UPS  shifts  persist  on  fully  reacted  Pd-Si  films  to  ~100A,18  although  a  slight  "under- 
re  action  or  "over-reaction"  condition  could  contribute  to  an  apparent  peak  shift  in  these 
measurements  We  recognize,  however,  that  the  smaller  peak  shifts  observed  in  the  10-100 

s  a 

A  coverage  range  are  further  complicated  by  the  finite  electron  escape  depth  (~7  *  20  A), 
which  can  broaden  the  coverage  range  over  which  peak  shifts  are  detected. 

1.  Interface  Strain 

Strain  caused  by  lattice  mismatch  at  the  interface  could  alter  the  electronic  structure  near 
the  boundary  and  cause  changes  for  tens  of  A  or  more  from  the  interface.  For  Pd/Si(lll) 
(the  epitaxial  case)  the  Pd-Si  basal  plane  lattice  constants  were  in  fact  found  to  increase  at 
low  coverage  toward  the  Si(  1 1 1)  value,  and  at  the  same  tune  the  d-band  peak  shifted  to  larger 
binding  energy  However,  virtually  identical  d-peak  shifts  with  coverage  are  observed  (Fig.  4) 
for  Pd/ SiUOO).  where  no  epitaxial  relationship  exists  and  interface  strains  should  be  different. 
Unless  the  Pd.  Sit  100)  interface  would  be  drastically  reconstructured  to  consist  of  Pd/ Si( 111) 
facets,  it  is  difficult  to  accept  interface  strain  as  the  explanation  for  the  coverage-dependent 
chemical  shifts. 


2.  Stoichiometry  Variations 

An  attractive  explanation  for  these  chemical  shifts  is  stoichiometry  changes  within  the 
Pd:Si  compound  near  the  interface  The  Si  concentration  gradient  across  an  abrupt  Pd-Si/Si 
interface  seems  a  logical  driving  force  for  motion  of  Si  atoms  across  the  boundary  In  this  wav 
Si  nch  Pd:Si  would  be  produced  near  the  interface  with  a  stoichiometry  in  the  Pd:Si  graded 
over  '•10- 100 A  to  reduce  the  local  Si  concentration  gradient  throughout  the  film.  The 
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low-coverage  spectra  would  reflect  the  Si-rich  stoichiometry  of  the  Pd2Si  compound  formed, 
and  with  increasing  coverage  the  surface  region  measured  would  be  further  from  the  Pd/Si 
interface  and  thus  less  Si-rich,  presumably  reaching  exactly  Pd2Si  for  very  thick,  fully-reacted 
overlayers. 

Evidence  supporting  this  explanation  comes  from  three  sources.  First,  self-consistent 
calculations  for  several  Pd-Si  compounds  of  different  stoichiometry  have  revealed  how 
density-of-states  features  in  Pd-Si  compounds  change  with  stoichiometry.22  These  calculations 
employed  the  Augmemed-Spherical-Wave  method  and  treated  Pd3Si,  PdSi,  and  PdSi3  com¬ 
pounds  in  the  Cu3Au,  CuAu,  and  CsCI  structures,  with  lattice  constants  determined  by  total 
energy  minimization.  For  Pd3Si,  the  local  Si  environment  (only  Pd  nearest  neighbors)  was 
dose  to  that  in  Pd2Si.  Although  details  of  the  calculated  density-of-states  changed  somewhat 
with  crystal  structure  for  a  given  compound,  the  essential  qualitative  features  of  the  Pd-Si 
chemical  bonding  were  unaffected,  and  overall  energy  positions  of  structure  did  not  change 
dramatically  with  reasonable  variations  in  lattice  constant.  Furthermore,  the  calculated 
densities-of-states  are  consistent  with  more  detailed  self-consistent  calculations  of  the  real 
Pd2Si  compound  carried  out  by  Pandey.40 

These  results  illustrate  the  qualitative  effects  of  stoichiometry  changes  clearly.  The  Pd-Si 
bonding  occurs  by  the  formation  of  Pd(4d)-Si(3p)  bonding  and  antibonding  states  which  lie 
respectively  below  and  above  the  main  Pd(4d)  peak  in  the  total  density-of-states.22  With 
increasing  Pd  concentration,  the  antibonding  states  and  the  main  Pd(4d)  peak  shift  toward 
higher  energy;  in  going  from  PdSi  to  Pd3Si,  the  antibonding  states  become  empty.  Phase 
stability  may  be  expected  when  a  fraction  of  the  antibonding  states  are  emptied,  so  that  from 
these  calculations  a  stable  stoichiometry  might  be  anticipated  somewhere  between  PdSi  and 
Pd3Si;  this  agrees  with  the  fact  that  Pd2Si  is  the  stable  compound.  The  observed  UPS  shift  of 
the  main  d-band  peak  up  toward  EF  with  increasing  coverage  and  its  interpretation  as  a 
decrease  in  the  Si  excess  of  the  Pd2Si  (i.e.  increased  Pd  concentration)  is  consistent  with  the 


trends  predicted  by  these  calculations,  as  is  the  shift  of  the  Si  L23W  94  eV  peak  toward 
higher  energy  with  coverage. 

The  second  body  of  evidence  that  the  chemical  shifts  arise  from  stoichiometry  variations 
in  the  Pd2Si  film  comes  from  measurements  of  the  spectra41*44  of  Pdj.jSi,  metallic  glasses, 
which  occur  over  the  range  x~0. 15-0.25.  For  these  Pd-Si  mixtures,  which  are  richer  in  Pd 
than  is  Pd3Si,  the  main  d-peak  occurs  within  ~2  eV  of  Ep,  i.e.  closer  to  Ep  than  observed  here 
for  Pd2Si.  Furthermore,  the  UPS  lineshape  and  work  function  are  very  similar  to  that  for 
Pd2Si.  Finally,  the  d-peak  moves  monotonically  upward  toward  Ep  with  increasing  Pd 
concentration  of  the  metallic  glass.44  These  observations  are  all  consistent  with  the 
calculations32  and  with  our  interpretation  that  the  low  coverage  Pd/Si  spectra  represent  more 
Si-rich  Pd2Si  than  the  truly  stoichiometric  compound  and  that  the  amount  of  Si  excess  in  the 
well-defined  Pd2Si  film  decreases  with  coverage  or  distance  from  the  interface.  Extrapolating 
from  the  d-peak  shift  with  concentration  in  the  metallic  glasses,44  the  apparent  concentration 
seen  by  UPS  at  lowest  coverage  might  be  as  high  as  ~45-60%  Si;  at  higher  coverage  (>4A  ) 
where  smaller  chemical  shifts  from  bulk  Pc^Si  positions  are  observed,  the  Si  concentration 
should  be  not  more  than  a  few  %  Si  excess  for  unannealed  samples. 

The  third  source  of  evidence  supporting  stoichiometry  variations  in  the  PdjSi  overlayer 

film  comes  from  TEM  measurements  of  the  basal  piane  lattice  constants  ag/2  of  fully  reacted 

Pd2Si  films  on  Si(lll).18  These  show  that  with  increasing  Pd2Si  film  thickness  from  20A  to 

300A  the  ag/2  value  decreases  from  6.58  to  6.52A;  at  the  same  time  the  d-peak  position  shifts 

toward  Ep  from  -2.93  eV  to  -2.76  eV.  X-ray  powder  studies45  have  indicated  that  larger 

a^/2  values  are  obtained  for  "Si-rich"  than  for  "Pd-rich"  Pd2Si,  although  measurements  were 

0 

confined  to  the  range  a^/2  *  6.50-6.52A  and  stoichiometry  was  not  quantified.  This  would 
suggest  that  at  lower  coverage,  where  larger  d-peak  binding  energies  and  corresponding  larger 
ag/2  values  are  observed,  the  Pd2Si  is  more  Si-rich  than  at  higher  coverage.46 
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Thus  it  seems  reasonable  to  interpret  the  coverage-dependent  chemcial  shifts  as  evidence 
that  a  Si-rich  Pd2Si-like  compound  is  formed  at  very  low  coverage  and  that  the  amount  of  Si 
excess  in  the  Pd2Si  overlayer  decreases  with  distance  from  the  interface.  This  inference  forms 
a  considerable  part  of  the  basis  for  a  theory  of  silicide  Schottky  barriers  proposed  by 
Freeouf.47  In  this  theory,  the  work  function  on  the  metal  side  of  the  contact  is  shifted  from  a 
silicide  value  considerably  toward  that  of  elemental  Si  by  the  Si-rich  stoichiometry  of  the 
silicide  at  the  interface;  the  Schottky  barrier  height,  which  scales  with  the  work  function 
difference  across  the  interface  in  a  simple  Schottky  picture,48  then  exhibits  considerably  less 
variation  with  different  metal  silicides  than  would  be  expected  from  metal  or  metal  silicide 
work  functions. 

3.  Chemical  Environment  and  Interface  State  Effects 

For  the  low-coverage  regime  there  exist  other  explanations  for  the  relatively  large 
chemical  shifts  observed  with  coverage,  based  on  the  specific  chemical  environment  of  atoms 
nearest  the  interface.  First,  Pd-Si  bonds  in  the  silicide  closest  to  the  St  substrate  may  appear 
in  these  electron  spectroscopy  measurements  to  be  in  a  Si-rich  environment  due  to  the 
elemental  Si  charge  density  which  forms  part  of  that  environment.  Second,  some  of  the  Pd-Si 
bonds  may  differ  from  those  of  the  bulk  silicide  due  to  particular  structural  arrangements 
present  only  near  the  interface.  Third,  a  high  density  of  metal  atom  interstitials  within  the  Si 
lattice  could  appear  spectroscopically  as  a  Si-rich  silicide.49  Differentiating  between  true 
stoichiometry  variations,  local  chemical  environment  effects,  and  altered  interface  bonding 
arrangements  in  the  low-coverage  regime  represents  a  difficult  semantic  and  conceptual,  as 
well  as  experimental,  task,  so  we  cannot  at  present  suggest  which  of  these  pictures  (if  any)  is 
more  meaningful  and  accurate  an  explanation  for  the  chemical  shifts  observed  at  low  coverage. 

Other  electronic  states  in  the  band  gap  may  be  produced  near  the  interface  in  addition  to 


the  metallic  states  of  the  bulk  silicide.  This  can  be  inferred  from  differences  between  the  low 
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coverage  spectra  and  the  bulk  Pd2Si  spectra  in  the  Si  band  gap  region.  Besides  the  shift  of  the 
94  eV  peak  (associated  with  states  just  below  Ep)  in  the  Si  LjjW  AES  spectrum  toward 
higher  energy  with  increasing  coverage  (Fig.  6),  its  intensity  is  enhanced  at  low  coverage 
relative  to  other  peaks  in  the  spectrum  (this  effect  has  been  noted  previously  by  Roth  and 
Crowell50).  That  the  enhancement  is  more  readily  seen  in  the  AES  spectra  than  in  UPS  may 
result  from  the  fact  that  the  Si  L2  jW  AES  spectrum  is  specific  to  the  local  Si  atom  density- 
of-states  (much  of  which  is  concentrated  in  the  bonding  and  antibonding  bands),  while  the 
UPS  spectra  are  dominated  by  much  stronger  Pd  d-electron  contributions  elsewhere  in  the 
spectrum.  This  enhancement  of  the  density-of-states  in  the  band  gap  region  (near  EF  )  may 
represent  additional  states  characteristic  of  the  interface.  Such  states  could  provide  an 
alternative  explanation  for  the  spectroscopically  observed  chemical  shifts  as  well  as  for  the 
enhancement  of  the  94  eV  AES  peak.  This  question  deserves  further  detailed  study  in  the 
future. 

V.  Conclusions 

The  main  conclusions  of  this  study  may  be  summarized  as  follows: 

1.  Silicide  compound  formation  (Pd2Si)  dominates  the  microscopic  chemistry  and 
properties  of  the  clean  Pd/Si  interface. 

2.  Consequently,  the  interface  electronic  structure  in  the  initial  stages  of  interface 
formation — and  presumably  for  the  thick  metal  contact  (buried  interface)  as  well — is 
primarily  that  of  PdjSi:  strong  Pd(4d)  bands  about  3  eV  below  Ep  with  bonding 
Pd(4d)-Si(3p)  bands  below  and  corresponding  antibonding  bands  near  Ep  forming  the 
conducting  states  of  the  metallic  Pd^Si  compound. 

3.  Reactivity  at  the  clean  interface  is  very  high:  silicide  formation  occurs  spontaneously 
at  the  interface  even  at  temperatures  as  low  as  180°K. 

Coverage-dependent  chemciai  shifts  in  the  spectroscopy  measurements  can  be 
interpreted  as  evidence  for  interface-driven  stoichiometry  variations  in  the  Pd2Si 
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overlayer;  these  would  consist  of  Si-rich  Pd2Si  near  the  interface,  with  a  graded 
stoichiometry  (Si  excess)  which  decreases  with  distance  from  the  interface. 

5.  The  observed  work  function  behavior  can  be  fully  understood  on  the  basis  of  Pd2Si 
compound  formation  and  the  thin  film  kinetics  phenomena  (Pd  surface  enrichment  due 
to  incomplete  reaction.  Si  surface  segregation  by  "over-reaction")  which  occur.  As  a 
result,  the  <t>  behavior  provides  no  direct  evidence  for  interface  dipole  formation 
(although  such  a  contribution  cannot  be  ruled  out);  instead,  it  gives  a  very  sensitive 
measure  of  the  thin  film  reaction  kinetics  and  surface  segregation  phenomena. 

6.  As  a  consequence  of  interface  reactivity,  the  reaction  kinetics  of  the  thin  overlayer 
film  becomes  an  important  experimental  complication,  especially  when  surface- 
sensitive  spectroscopic  techniques  like  UPS  and  AES  are  used.  However,  by  studying 
the  dependence  on  thermal  history,  it  is  possible  to  obtain  reliable  results  from  these 
techniques. 

This  study  has  produced  a  relatively  simple  picture  of  the  microscopic  chemical  behavior 
at  the  Pd/Si  interface,  in  which  compound  formation  has  been  clearly  identified  and  plays  a 
dominant  role  in  determining  the  interface  electronic  properties.  This  suggests  the  possibility 
that  similar  chemical  processes  might  equally  well  explain  previous  results  in  other 
metal/ semiconductor  systems.  For  example,  Pd-GaAs  reactions  are  known  to  produce  various 
compounds52  like  Pd2Ga,  PdGa,  and  PdAs2.  The  UPS  difference  spectrum  for  2-3  monolayers 
of  Pd  on  GaAs(llO)53  is  very  similar  to  that  of  Pd2Si:  its  dominant  d-peak  occurs  at  '*'-2.5 
eV  with  a  full  width  at  half  maximum  of  ~3  eV.  This  suggests  that  compound  formation  may 
take  place  at  the  Pd/GaAs(llO)  interface,  although  the  identity  of  the  reaction  product  is  not 
known. 

The  insight  which  has  come  from  the  present  study  of  the  Pd/Si  interface  partly  results 
from  the  fact  that  the  chemical  reaction  is  simple,  producing  a  single  product— Pd2Si.  This 
characteristic  was  anticipated  from  previous  thin  film  studies  (albeit  under  less  controlled 
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interface  conditions)  and  played  an  important  role  in  the  choice  of  this  particular  reactive 
interface.  Although  some  of  the  other  siiicide-forming  interfaces  may  produce  multiple 
products,  rather  extensive  thin  film  results  are  available  for  such  systems. 

In  contrast,  no  bulk  compounds  are  known  for  the  simple  metals  (Al,  Ga,  and  In)  on  SL 
This  makes  it  difficult  to  characterize  what  (if  any)  chemical  reactions  may  have  occurred  at 
the  corresponding  interfaces.  Identifying  reactions  at  compound  semiconductor  interfaces  is 
made  difficult  by  (i)  the  larger  number  of  possible  reaction  products,  (ii)  the  simultaneous 
presence  of  several  reaction  products,  and  (iii)  the  possibility  of  preferential  surface 
segregation34'33.  This  underscores  the  need  for  more  thin  film  investigations  of  reactions 
between  metals  and  compound  semiconductors.  In  spite  of  these  problems,  significant 
progress  has  been  made  in  identifying  chemical  reactions  at  clean  metai/III-V  semiconductor 
interfaces,  such  as  the  exchange  reaction  for  Al/GaAs.36 

The  results  presented  in  this  paper  have  demonstrated  that  surface  spectroscopy  techni¬ 
ques  can  reveal  the  microscopic  chemical  processes  occurring  at  the  reactive  metal/Si  interface 
and  display  many  aspects  of  the  interface  electronic  structure.  The  further  challenge  is  to 
develop  reliable  techniques  for  in-situ  monitoring  of  changes  in  the  Schottky  barrier  height  at 
low  metal  coverage  and/or  to  correlate  the  interface  electronic  properties  and  microstructure 
with  the  electrical  properties  of  the  bulk  contact,  so  that  the  mechanism(s)  which  really 
determine  the  Schottky  barrier  height  can  be  identified. 
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Fig.  4.  AJUPS  incremental  difference  curves  for  (b)  0.25A  Pd-covered  surface  minus 

clean  Si(lOO)  surface,  (c)  0.5A  minus  0.25A  Pd-covered  surfaces,  (d)  0.7SA 
minus  O.sA  Pd-covered  surfaces,  and  AIUPS  spectra  for  (a)  clean  Si(100),  (e) 
~4A  Pd  on  Si(lOO),  and  (f)  ~12A  Pd  on  Si(100). 
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Coverage-dependence  of  the  work  function  (measured  by  AlUPS)  for  Pd 
deposited  on  Si(  1 1 1 )  at  room  temperature.  The  region  of  Pd2Si  work  function 
is  indicated  by  the  shaded  area. 
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Si  surface  segregation  effects  on  Pd2Si  surface  spectra  induced  by  400°C 
annealing  ("over-reaction"). 
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I  INTRODUCTION 

Thin  films  of  silicides  find  increasing  use  as  ohmic  or  Schottky  contacts  in 
Si  devices.  This  is  not  only  because  the  siiicide/Si  interface  has  electrical 
properties  suitable  for  contacts  to  very  small  junctions  but  also  because  the 
silicide  layer  can  improve  junction  reliability  by  providing  an  effective  barrier 
against  Al-penetration  into  the  junction. 1  Silicides  are  commonly  formed  by  a 
solid-state  reaction  between  the  Si  substrate  and  an  evaporated  metal  film. 
During  the  reaction  the  silicide/Si  interface  moves  into  the  Si  thus  providing  a 
relatively  clean  interface  which  is  not  much  affected  by  the  native  oxide  or 
any  contamination  on  the  original  Si  surface.  For  optimal  junction  character¬ 
istics,  a  uniform  and  relatively  flat  interface  is  required,  therefore  the  knowl¬ 
edge  on  the  interface  morphology  is  important.  Moreover,  there  exists  a 
considerable  basic  interest  in  the  atomic  structure  of  the  silicide/Si  interface. 
For  example,  the  formation  of  the  first  phase  and  the  electronic  properties  of 
the  contact  might  be  controlled  by  the  atomic  structure  of  the  interface1.  The 
existence  of  a  thin  amorphous  metallic  glass  at  the  interface  has  been  pro¬ 
posed  in  order  to  predict  the  formation  of  the  first  silicide  phase  in  transition 
metai/Si  systems2.  A  direct  observation  of  the  atomic  structure  of  silicide/Si 
interfaces,  however,  has  not  been  reported  so  far.  This  is  because  the  me¬ 
thods  commonly  used  to  study  silicides,  e.g.  ion  back  scattering  and  glancing 
angle  x-ray  diffraction  cannot  provide  a  detailed  information  about  interface 
properties  on  an  atomic  scale.  A  more  suitable  method  for  studying  these 


properties  is  transmission  electron  microscopy  (TEM),  particularly  with 
specimens  prepared  for  a  cross-sectional  examination.  This  paper  gives  first 
results  of  such  a  TEM  investigation.  The  silicides  chosen  for  this  study  were 
near-noble  metal  silicides:  Pc^Si,  NiSi2  and  PtSi  which  can  grow  epitaxially  on 
Si  thus  facilitating  a  detailed  structural  observation  by  TEM  lattice  imaging 
techniques. 

II.  EXPERIMENTAL 

The  silicides  studied  were:  Pd^Si  on  chemically  cleaned  {111}  surfaces, 
NiSi2  on  chemically  cleaned  {100}  and  {111}  surfaces  and,  to  a  lesser  extent, 
PtSi  on  chemically  cleaned  {111}  surfaces.  All  silicides  were  formed  by 
electron-beam  evaporation  of  the  metals  at  room  temperature  followed  by  an 
annealing  treatment  either  in  vacuum  or  in  He  atmosphere. 

After  the  silicides  were  formed,  specimens  with  dimensions  of  approxi¬ 
mately  2  x  2  x  5mm  were  cut  from  the  wafers.  Several  of  these  specimens 
were  then  glued  together  using  Araldite  or  Epon  epoxy,  following  the  proce¬ 
dure  outlined  by  Sheng  and  Chang3.  During  the  curing  of  the  epoxy  the 
specimen  block  was  kept  under  pressure  in  a  small,  teflon-lined  press  to  insure 
a  thin  and  uniform  epoxy  layer  between  the  specimens.  From  this  specimen 
block  thin  slices  were  cut  with  a  wire  saw  and  subsequently  ground  and 
polished  to  a  final  thickness  of  -  50pm.  These  slices  were  then  glued  on  a 
supporting  Cu  grid  with  one  large  hole  and  finally  ion-milled  at  ~5kV  from 
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both  sides  until  a  hole  was  formed  in  the  sample  center.  In  order  to  obtain 
good  specimens  it  is  important  to  start  with  a  rather  thin  specimen  (~50/xm) 
and  to  keep  the  epoxy  layer  as  thin  as  possible  (cl/un).  Ion  nulling  at  low 
voltages  (~  lkV)  introduces  damage  (visible  black  dots)  into  the  Si  whereas  at 
higher  voltages  (~  SkV)  no  directly  visible  damage  was  observed.  Specimens 
for  investigations  of  the  silicide  "flat-on"  were  made  by  chemical  thinning  of 
the  Si  from  the  backside.  TEM  was  performed  in  a  Siemens  Elmiskop  102 
operating  at  l25kV,  or  in  a  Jeol  200  B  operating  at  200kV. 

in.  RESULTS  AND  DISCUSSION 

Palladium-Silicide 

The  first  case  to  be  discussed  is  Pd^Si  which  was  made  by  evaporating 
SOnm  of  Pd  on  a  {111}  Si  wafer;  no  subsequent  annealing  treatment  was 
performed.  Cross-sectional  specimens  were  made  and  during  the  specimen 
preparation  its  temperature  may  have  reached  ~  100°  C  for  ~  20  hrs  during 
ion-milling.  TEM  showed  that  the  Pd  had  partially  reacted  with  Si  forming  a 
Pd^Si  layer  ~  31  nm  thick,  the  remaining  Pd  layer  had  a  thickness  of  ~  37  nxn. 
Fig.  1  shows  a  cross-sectional  view  of  this  sample  and  illustrates  very  clearly 
some  of  the  artifacts  and  difficulties  encountered  in  cross-sectional  TEM. 
Due  to  the  the  stresses  in  the  sauple,  thin  areas  of  the  specimen  around  the 
interface  region  are  severely  bent;  frequently  the  silicide  is  even  partially 
peeled  off.  In  this  case  the  Si  and  the  silicide  are  separated  by  a  groove  which 
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appears  as  a  bright  band  in  Fig.  1.  Different  ion-milling  rates  between  Pd, 
PdjSi  and  Si  may  also  contribute  to  such  artifacts.  This  makes  it  exceedingly 
difficult  to  ascertain  whether  some  observations  reflect  intrinsic  properties  of 
the  sample,  or  are  due  to  artifacts  and/or  a  mixture  of  both.  The  presence  of 
voids  in  the  interface,  for  example,  would  facilitate  a  peeling-off  of  the  silicide 
layer;  this  was  observed  for  metal  layers  on  GaAs4  and  may  also  play  a  role  in 
the  Pd^Si  case.  Despite  all  these  difficulties.  Fig.  1  shows  that  the  Pd^Si  is 
basically  single  crystalline  and  has  an  epitaxial  relationship  to  the  Si  matrix 
(this  was  deduced  from  the  diffraction  pattern);  the  unreacted  Pd  is  polycrys¬ 
talline  with  a  grain  size  of  ~  10-20nm.  More  importantly,  it  is  clearly  visible 
that  the  Si/Pd^Si  and  the  Pd^Si/Pd  interfaces  are  rather  flat  with  an  estimat¬ 
ed  roughness  of  ~  2nm. 

The  bending  of  the  specimen  in  the  interface  region  makes  direct  lattice 
imaging  of  the  interfacial  region  very  difficult.  For  carrying  out  so-called 
structural  imaging5’6  which  under  favorable  conditions  can  give  a  direct 
information  about  the  positions  of  atoms,  the  specimen  has  to  be  oriented 
very  precisely  into  a  high-symmetry  orientation7  (in  this  case  {110}  for  the  Si 
and  {1100}  for  the  PdjSi).  This  so-called  axial  diffraction  condition  can  be 
easily  achieved  in  the  thicker  parts  of  the  Si  by  using  Kikuchi  lines,  but  in 
interface  regions  thin  enough  for  lattice  imaging  (<  40nm  for  Si,  <  lOnm  for 
Pd^Si)  the  unavoidable  bending  of  the  specimen  makes  almost  certain  that  the 
diffraction  conditions  are  no  longer  axial.  Consequently,  lattice  images,  if 


obtained  at  all,  are  no  longer  structural  images  (i.e.  they  cannot  be  interpre- 
tated  in  terms  of  absolute  atom  positions).  Nevertheless,  they  still  contain 
valuable  information  not  obtainable  otherwise.  Fig.  2  shows  a  lattice  image  in 
the  Si-PdjSi  interface  of  the  sample  shown  in  Fig.  1.  On  the  Si  side,  the 
contrast  is  similar  to  a  structural  image  (i.e.  the  white  dots  may  be  interpreted 
as  the  open  channels  of  the  Si  lattice  viewed  in  the  <110>  direction*), 
whereas  only  the  {2240}  fringes  of  the  hexagonal  PdjSi  lattice  are  visible  in 
the  PdjSi.  The  interface  is  rough  on  an  atomic  scale  with  an  average  ampli¬ 
tude  of  ~  1.5nm  and  an  average  wavelength  of  ~  4 run.  A  circuit  (analogous 
to  a  Burgers  circuit)  going  from  a  well  resolved  point  at  the  interface  on  the  Si 
side  to  another  well  resolved  point  at  the  interface  and  then  back  to  the 
starting  point  in  the  Pd^Si  side  (cf.  Fig.  2)  reveals  the  presence  of  excess 
{2240}  fringes  in  the  Pd^Si  side.  That  is,  there  are  more  Pd^Si  {2240} 
fringes  than  corresponding  Si  {111}  fringes  (counted  along  the  interface) 
within  a  certain  distance  along  the  interface.  This  indicates  that  dislocations 
are  present  within  the  circuit  and  since  these  dislocations  are  neither  in  the  Si 
nor  in  the  Pd^Si  (as  verified  by  looking  along  the  Pd^Si  {2240}  fringes  or  the 
Si  {111}  fringes),  they  must  be  in  the  interface  and  therefore  are  interface 
dislocations.  On  the  average,  there  is  one  additional  Pd^Si  {2240}  fringe  for 
about  23  Si  {111}  fringes.  The  additional  {2240}  fringes  cannot  simply  be 

identified  as  partial  dislocations  having  a  Burgers  vector  b  -  —  <1120>  (the 

6 

distance  between  {2240} 


*)  or,  alternatively,  as  the  product  of  two  sets  of  {111}  fringes  crossing  each 


planes)  because  lattice  imaging  reveals  only  the  component  of  the  Burgers 
vector  in  the  image  plane  8  (therefore,  a  dislocation  with  an  inclined  Burgers 


vector  b  «  — <1120>  would  give  the  same  image  as  b  «  — <1 120>).  Moreo- 
3  6 

ver,  the  concept  of  dislocation  in  the  interface  between  a  hexagonal  and  a 
cubic  material  needs  more  detailed  considerations  than  intended  in  this  paper, 
especially  if  the  interface  is  not  flat  but  has  steps,  as  is  the  case  with  the 
Pd^Si-Si  interface.  Nevertheless,  the  presence  of  dislocations,  whatever 
detailed  characteristics  they  might  have,  is  a  strong  argument  for  an  ordered 
interface;  i.e.  no  amorphous  layer  is  present.  This  is  already  indicated  by  the 
absence  of  such  a  layer  in  the  lattice  image  in  Fig.  2  although  in  some  places  a 
very  thin  (<  Inm)  amorphous-like  layer  might  be  obscured  in  this  picture 
because  the  interface  cannot  be  expected  to  be  exactly  end-on,  due  to  its 
roughness. 

Measuring  the  spacing  of  a  large  number  of  {2240}  fringes  in  the  silicide 
and  comparing  it  to  the  spacing  of  the  Si  {111}  fringes  allows  one  to  obtain  a 
fairly  accurate  measurement  of  the  Pd^Si  lattice  constant.  If  the  lattice 
constant  of  the  Si  is  taken  to  be  a  m  0.343  nm  (measured  8nm  away  from  the 
interface),  the  Pd^Si  lattice  constant  is  determined  to  be  a*  0.642nm  (~ 
1.5nm  away  from  the  interface)  which  is  ~  1.5%  smaller  than  the  nominal 
(x-ray)  value  of  0.652nm.  This  indicates  the  presence  of  elastic  stresses  and 
possibly  also  a  change  in  the  lattice  constant  of  the  silicide  due  to  non- 
stochiometry.  A  Pd-rich  silicide,  e.g.  has  been  shown  to  lead  to  smaller  lattice 


constants  compared  to  a  stochiometric  silicide9  and  this  may  also  be  true  for 
Si-rich  silicides.  This  interpretation  is  supported  by  the  presence  of  more 
misfit  dislocations  than  would  have  been  needed  to  compensate  for  the 
differences  in  the  lattice  constants  of  Si  and  stochiometric  Pd^Si,  which  would 
have  been  one  ending  {2240}  fringe  for  every  50  Si  {111}  fringes.  With  the 
measured  lattice  constant  of  PdjSi  (a  -  0.642nm),  one  additional  fringe  for 
every  29  {111}  fringes  of  Si  would  be  expected  which  agrees  fairly  well  with 
the  observed  value  of  -  23-25. 

The  Si  image  close  to  the  interface  shows  an  intensity  modulation  of  the 
lattice  fringes  which  appears  to  be  a  Moirfe  contrast  effect.  On  the  average, 
every  third  Si  {111}  fringe  parallel  to  the  interface  is  somewhat  brighter  than 
its  neighbors.  A  contrast  like  this  could  result  from  overlapping  crystals  with 
similar  lattice  geometry  but  different  lattice  constants,  e.g.  at  an  interface 
inclined  with  respect  to  the  electron  beam.  The  roughness  of  the  PdjSi-Si 
interface  however  cannot  account  for  the  rather  broad  zone  of  the  Moirde 
contrast  (~  8nm)  since  at  the  most  a  region  -  lnm  in  width  can  be  expected 
to  show  this  effect.  While  it  is  possible  that  the  lattice  constant  of  Si  could  be 
locally  changed  by  incorporating  of  Pd  atoms,  this  change  would  have  to  be  in 
the  order  of  50%  to  explain  the  observed  contrast;  this  is  too  high  to  be 
reasonable  and  the  remaining  possibilities  to  account  for  this  contrast  are: 
Some  form  of  platelet-like  Pd-rich  regions  (possibly  small  monolayers  of 
Pd^Si)  or  a  thin  surface  layer  of  Pd^Si  which  may  have  formed  during  sped- 


men  preparation.  Some  Pd  might  have  reached  the  Si  surface  by  surface 
migration  (possibly  assisted  by  the  ion-milling  process)  and  may  have  reacted 
to  form  PdjSi.  At  present,  it  is  not  possible  to  distinguish  between  these  two 
possibilities. 

Nickel  Silicide 

NiSi2  was  formed  on  both  {100}  and  {111}  Si  by  evaporating  50nm  of  Ni 
at  room  temperature  and  subsequent  annealing  at  800°C  in  He  atmosphere. 
In  order  to  form  different  phases  of  Ni  silicides,  part  of  the  sample  was 
directly  annealed  at  800  °C  for  1  hr,  and  another  part  was  first  annealed  at 
300°C  for  20  min  (which  forms  N^Si  10)  then  at  400°C  for  20  min  (which 
forms  NiSi10)  and  finally  at  800°C  for  1  hr. 

NiSi2  on  {100}  Si 

The  NiSi2  on  {100}  Si  forms  a  heavily  facetted  interface  with  the  Si 
substrate  (Fig.  3).  The  facets  are  on  {111}  and  {100}  planes  with  the  former 
more  frequently  observed.  The  interface  is  very  rough  on  a  large  scale  and 
the  thickness  of  the  NiS^  layer  may  vary  by  more  than  lOOnm  (the  average 
thickness  is  170nm).  The  NiSi2  formed  by  stepwise  annealing  appears  to  be 
somewhat  less  facetted  than  the  NiSi2  formed  by  direct  annealing,  but  the 
over-all  difference  is  not  significant. 


On  an  atomic  scale  the  interface  is  perfectly  flat  within  a  facet;  Fig.  4 
shows  an  example.  A  facet  on  a  {100}  plane  and  on  a  {111}  plane  can  be 
seen  and  the  interface  was  found  to  be  confined  to  one  lattice  plane  for  a 
lateral  dimension  of  more  than  60nm  (the  largest  distance  measurable  on  the 
original  negative).  An  off-set  of  the  {111}  fringes  crossing  the  interface  is 
visible  in  Fig.  4,  but  this  could  be  a  contrast  artifact,  however,  it  may  also 
reflect  a  true  property  of  the  interface.  A  Burgers  circuit  similar  to  the  one 
described  for  Pc^Si  does  not  reveal  interface  dislocations  in  Fig.  4,  but  this 
cannot  be  taken  as  evidence  for  the  absence  of  misfit  dislocations  since  the 
area  sampled  might  have  been  too  small.  In  fact,  if  a  cross-sectional  sample  is 
tilted  about  an  axis  not  perpendicular  to  the  interface  (so  the  interface  is  no 
longer  end-on)  interfacial  dislocations,  and  dislocations  in  the  silicide  are 
visible  (Fig.  5).  These  dislocations  can  be  better  revealed  using  conventional 
TEM  techniques  with  the  electron  beam  normal  to  the  sample  surface.  Fig.  6 
gives  such  an  example.  Due  to  the  stresses  present  in  the  sample,  the  speci¬ 
men  starts  to  bend  severely  as  soon  as  it  becomesthin  enough  for  TEM,  this 
practically  prevents  the  imaging  using  a  well-defined  diffraction  condition. 
Despite  this  difficulty,  three  basic  types  of  dislocation  networks  have  been 

distinguished:  1)  a  square  network  of  edge  dislocations  with  b  ■  —  <110>, 
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and  with  a  spacing  of  -  57nm,  2)  a  hexagonal  network  with  a  spacing  similar 
to  that  given  above  and  probably  also  containing  edge  dislocations  with  b  ■ 
~<  1 1 0 > ,  and  3)  a  rather  irregular  rectangular  network  with  a  spacing  from 
50nm-200nm.  These  networks  can  be  accounted  for  simply  by  assuming  that 


in  the  first  case  the  dislocation  network  is  on  a  rather  large  {100}  facet;  in  the 
second  case  on  a  large  {111}  facet  and  in  the  third  case  on  an  area  with  many 
small  facets.  The  observed  spacing  of  ~  57nm  is  considerably  smaller  than 
the  theoretically  expected  value  of  ~  97nm  taking  the  lattice  constant  of  NiSi^ 
to  be  a  a  0.5406nm10.  This  indicates  that  the  difference  in  lattice  constants 
is  larger  at  800°  C  so  that  more  misfit  dislocations  are  needed  to  relieve  the 
stresses.  During  cooling  down  of  the  wafers  the  dislocations  were  frozen-in 
thus  creating  the  high  stresses  observed  at  room  temperatures. 

NiSi2  on  {111}  Si 

The  interface  between  {111}  Si  and  NiSi2  is  also  facetted,  but  much  less 
so  than  on  {100}  Si.  Fig.  7  shows  a  typical  example  where  it  can  be  seen  that 
very  large  facets  are  formed  on  the  {111}  plane  parallel  to  the  original  wafer 
surface  and  only  small  facets  are  found  on  the  inclined  {111}  planes.  The 
amplitude  of  interface  roughness  is  ~  20nm  with  a  rather  large  modulation 
period  in  the  order  of  several  /im.  In  this  case  it  was  also  found  that  the 
surface  of  the  NiS^  was  facetted;  see  insert  in  Fig.  7.  Direct  lattice  imaging 
again  showed  a  perfectly  straight  interface  which  can  be  defined  within  one 
{111}  plane,  see  Fig.  8.  However,  as  can  be  seen  in  Fig.  8,  the  NiSi2  is  not 
epitaxial  to  the  Si  matrix  but  rather  in  a  twin  orientation  relative  to  the  Si; 
this  is  also  shown  by  the  twin  spots  in  the  diffraction  pattern.  The  direct 
lattice  image,  however,  has  the  advantage  of  demonstrating  that  the  entire 
silicide  is  twinned  and  that  the  twin  spots  do  not  come  from  micro-twins 
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within  an  epitaxial  silicide.  Burgers-circuits  in  some  of  direct  lattice  images  as 
the  well  as  the  images  of  tilted  specimen,  Fig.  9,  show  the  presence  of  disloca¬ 
tions  at  the  interface.  Again,  conventional  (flat-on)  specimens  are  better 
suited  for  studies  of  such  networks  and  Fig.  10  gives  an  example.  It  should  be 
mentioned,  however,  that  images  observed  on  strongly  tilted  cross-sectional 
specimens  show  directly  that  the  network  is  at,  or  very  close  to  the  interface 
(Figs.  5,9),  an  information  not  easily  obtainable  with  conventional  techniques. 
A  rather  regular  hexagonal  network  with  a  spacing  of  ~50nm  can  be  seen  in 
Fig.  10  which  is  interrupted  in  some  places  by  patches  of  a  less  regular  hexag¬ 
onal  network  with  a  spacing  of  ~  85nm.  Contrast  analysis  showed  that  the 
network  with  the  smaller  spacing  consists  of  edge  dislocations  with  b  ■ 

— <112>  whereas  the  larger  network  is  formed  by  edge  dislocations  with  b  m 
6 

-j<110>.  The  latter  marks  the  areas  where  NiSi2  has  grown  in  a  direct 

epitaxial  relationship  to  the  matrix,  whereas  the  former  is  formed  in  the  twin 

boundary  between  the  Si  and  the  NiSi2.  The  spacing  of  the  dislocations  in 

these  cases  is  closer  to  the  theoretically  expected  value  (~  97nm  for  b  » 

— <110>  dislocations  and  -  60nm  forb  ■  — <1 12>),  indicating  a  better  fit 
2  6 

at  800°C  between  NiS^  and  { 1 1 1  }Si  than  between  NiSi2  and  {100}  Si.  The 
dislocation  nodes  in  the  network  of  the  perfect  dislocations  may  be  somewhat 
extended,  but  no  clearcut  statement  can  be  made  at  present.  About  80%  of 
the  total  area  showed  the  twin-related  network,  indicating  that  a  twinned 
interface  is  strongly  preferred.  The  misfit  dislocations  with  b  ■  ~<112>  are 
the  grain-boundary  dislocations  expected  for  a  twin  boundary,  which  for 
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topological  reasons  can  only  exist  exactly  in  the  twin  boundary,  i.e.  in  the 
interface.  Again,  this  is  a  clear  evidence  for  an  ordered  interface  without  an 
amorphous  interface  layer,  in  contrast  to  recent  predictions2,12. 

Platinum  Silicide 

Only  one  specimen  has  been  investigated.  PtSi  was  formed  by  deposition 
of  500nm  Pt  at  room  temperature  on  {111}  Si  and  by  a  subsequent  heat 
treatment  at  400 °C  for  2  hrs.  This  specimen  was  of  particular  interest 
because  the  PtSi  layer  showed  fine  lines  concentric  to  the  center  of  the  wafer. 
Conventional  TEM  showed  that  the  PtSi  grains  in  these  lines  (width  ~  1/un) 
were  almost  randomly  oriented  with  respect  to  the  matrix,  whereas  between 
the  lines  they  were  in  an  pseudo-epitaxial  relationship  with  respect  to  the  Si  l3. 
It  is  possible  that  the  circular  lines  in  the  silicide  reflect  areas  of  the  Si  wafer 
where  some  residual  damage  or  contamination  from  the  last  polishing  step  was 
present.  Cross-sectional  specimens  showed  that  the  Si-PtSi  pseudo-epitaxial 
interface  is  exceedingly  rough,  with  amplitudes  of  200nm  (thickness  ~  350nm) 
and  a  wavelength  of  -  700nm  (Fig.  11).  In  contrast,  the  PtSi  surface  is  rather 
flat.  This  example  serves  to  demonstrate  that  epitaxial  interfaces  are  not 
necessarily  flat. 

IV  CONCLUSIONS 

Transmission  electron  microscopy  of  silicon-silicide  interfaces  with  cross- 
sectional  specimens  is  a  powerful  technique  for  studying  interfacial  properties 
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at  high  spatial  resolution.  Interfacial  parameters  such  as  flatness,  preferred 
interfacial  planes,  and  interfacial  defects  are  easily  observable  and  can  be 
measured  almost  at  an  atomic  level.  It  was  found  that  the  Si/Pc^Si  interface 
is  rough  on  an  atomic  scale  and  that  it  contains  interfacial  dislocations.  The 
NiSi2/Si  interface  is  facetted  but  perfectly  flat  on  an  atomic  scale.  NiSi2 
grows  epitaxial  on  {100}  Si,  but  has  a  twin-relation  to  {111}  oriented  Si.  No 
evidence  for  an  amorphous  interface  layer  was  found  in  either  case. 


-15- 


REFERENCES 

1.  K.N.  Tu  and  J.W.  Mayer  in^Thin  Films  -  Interdiffusion  and  Reactions,* 
edited  by  J.M.  Poate,  K.N.  Tu  and  J.W.  Mayer,  (John  Wiley,  New  York, 
1978)  p.  359. 

2.  R.M.  Walser  and  R.W.  Bene,  Appl.  Phys.  Lett.  28,  624  (1976). 

3.  T.T.  Sheng  and  C.  C.  Chang,  IEEE  Trans.  Elect.  Devices,  23,  531 

(1976). 

4.  C.C.  Chang,  T.T.  Sheng,  R.J.  McCoy,  S.  Nakahara  and  F.  Ermanis,  J. 
Appl.  Phys.  50,  7030  (1979). 

5.  J.C.H.  Spence,  M.A.  O’Keefe  and  H.  Kolar,  Optik  49,  307  (1977). 

6.  A.  Bourret,  A.  Renault  and  G.R.  Anstis,  Chemica  Scripta  14,  207 
(1979). 

7.  W.D.  Buckley  and  S.C.  Moss,  Solid  State  Electr.,  15,  1331  (1972). 

8.  D.J.H.  Cokayne,  J.R.  Parsons  and  C.W.  Hoelke,  Phil  Mag.  24,  139 

(1971). 

9.  T.S.  Kuan  and  J.L.  Freeouf,  in#Proc.  37th  EMSA  meeting*(C!aitor’s, 
Baton  Rouge)  p.  (13?3) 


-16- 


10.  K.N.  Tu,  E.I.  Alessandrini,  W.K.  Chu,  H.  Kraulte  and  J.W.  Mayer,  Jap. 
J.  Appl.  Phys.  Suppl.  2,  Pt.  1,  669  (1974). 

11.  W.  Bollmann: ‘Crystal  defects  and  crystalline  interfaces'(Springer  Verlag 
1970). 

12.  W.J.  Schaffer,  R.W.  Bene'  and  R.M.  Walser,  J.  Vac.  Sci.  Technol.,  15, 
1325  (1978). 

13.  A.K.  Sinhau  R.8.  Marcus,  T.T.  Sheng  and  S.E.  Haszko,  J.  Appl.  Phys. 
43,  3637  (1972). 


Thin  layer  of  Pd^Si  and  Pd  on  Si.  The  layer  is  severely  bent 
(coming  out  of  the  paper  plane  in  the  left-hand  corner). 
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Fig.  2.  Lattice  image  of  the  Pd2Si-Si  interface.  The  spacing  of  the  Si 
{111}  fringes  (e.g.  parallel  to  the  interface)  is  0.31  nm.  A 
Burgers-like  circuit  is  drawn  in,  showing  79  Pd2Si£240^  fringes 
for  75  Si  {111}  fringes. 


Heavily  facetted  NiSi2on  {100}  Si.  Parts  of  the  silicide  have 
been  removed  during  ion-milling;  the  surface  of  the  silicide 
therefore  is  not  the  original  silicide  surface. 


Fig.  4. 


Lattice  image  of  the  Si-NiSi2  interface  for  silicide  formed  on 

on 

{100}  Si.  A  large  facet^a  {100}  plane  and  a  small  facet  on  a 
{111}  plane  are  visible. 


I  *- 

200  n«* 


Fig.  5.  Misfit  dislocations  in  the  Si- 


tions  in  the  silicide. 
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Fig.  6.  Misfit  dislocations  in  the  Si-NiS^  interface  viewed  flat-on.  A 
hexagonal  network  (lower  right-hand  corner;  one  set  of  disloca¬ 
tions  not  in  contrast),  a  square  network  (left-hand  corner;  one 
set  of  dislocations  not  in  contrast)  and  on  irregular  rectangular 


network  can  be  seen. 


Interface  between  NiSi2  and  {111} 


NiSi2  surface  at  higher  magnification. 
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Fig.  10.  Flat-on  view  of  misfit  dislocations  in  the  Si-NiSi2  {111}  inter¬ 
face.  The  micrograph  was  taken  with  multi-beam  diffraction 
conditions  close  to  the  {111}  pole. 
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*  *  *- 


Fig.  11.  Interface  between  Si  and  PtSi  (two  samples  with  the  silicide  side 
glued  together). 
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